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ABSTRACT
The railway track network plays an essential role of the transportation infrastructure
worldwide. During operations, the ballast becomes contaminated or fouled due to the
infiltration of fines from the surface, mud pumping up from the subgrade, and ballast
degradation under repeated train loading. In Queensland and New South Wales,
Australia, ballast degradation and infiltration of fine particles such as coal and soft
subgrade fills the voids in the ballast layer, which restricts drainage, and results in
uneven track settlement and high maintenance costs to clean the ballast.
Geosynthetics have been increasingly used in railroads to provide reinforcement and
confinement pressure to the layer of ballast. However, the interaction mechanism and
behaviour of the geosynthetics and ballast at their interface are not well understood,
particularly when the ballast is severely fouled. This is due to the steady
accumulation of fine particles that clog the apertures of the geosynthetics, which
dramatically reduces its beneficial effects and also causes track instability associated
with substantial deformation.
This research aims to study how the interface between ballast and geogrid copes with
fouling by coal fines. The shear stress-displacement behaviour of fresh and fouled
ballast, and ballast reinforced with geogrids was investigated through a series of
large-scale direct shear tests where the levels of fouling ranged from 0% to 95%
Void Contamination Index (VCI), and at relatively low normal stresses varying from
15 kPa to 75 kPa. The results indicated that inclusion of geogrids increases the shear
strength and apparent angle of shearing resistance, while only slightly reducing the
vertical displacement of the composite geogrid-ballast system. However, when the
ballast was fouled by coal fines, the benefits of geogrid reinforcement decreased in
proportion to the increasing level of fouling. A conceptual normalised shear strength
model was proposed to predict this decrease in the peak shear stress and peak angle
of shearing resistance caused by coal fines at a given normal stress.
A novel Track Process Simulation Apparatus (TPSA) was used to simulate realistic
rail track conditions subjected to cyclic loading and the Void Contamination Index
i

(VCI) was used to evaluate the level of ballast fouling. The inclusion of geogrid at
the interface between the layer of ballast and sub-ballast provides additional internal
confinement and particle interlocking via the geogrid apertures, which reduces
deformation. A threshold value of VCI=40% has been proposed to assist
practitioners in conducting track maintenance. If the level of fouling exceeds this
threshold the geogrid reinforcement significantly decreases its effectiveness, and the
fouled ballast exhibits pronounced dilation. Based on the experimental results, an
equation incorporating VCI was proposed to predict the deformation of fresh and
fouled ballast. This equation improves track design and assists in making appropriate
and timely decisions on track maintenance.
The Discrete Element Method (DEM) was used to study the shear behaviour of fresh
and fouled ballast in direct shear testing. The volumetric changes and stress-strain
behaviour of fresh and fouled ballast were simulated and compared with the
experimental results.. Fouled ballast with various Void Contaminant Index (VCI),
ranging from 20%VCI to 70%VCI, were modelled by injecting a specified number of
miniature spherical particles into the voids of fresh ballast. The DEM simulation
highlights the fact that the peak shear stress of the ballast assembly decreases and the
dilation of fouled ballast increases with an increasing of VCI. Furthermore, the
distribution of contact force chains and particle displacement vectors clearly explains
the formation of a shear band and the evolution of volumetric change during
shearing. An acceptable agreement was found between the DEM simulation and
laboratory data.

ii

ACKNOWLEDGEMENTS
I am extremely grateful to my supervisors, Professor Buddhima Indraratna and Dr.
Cholachat Rujikiatkamjorn for their encouragement, thoughtful guidance and
invaluable support throughout this research project. Their valuable suggestions,
numerous comment and constructive criticisms during various stages of this research,
including the preparation of this thesis, are gratefully appreciated.
I would like to express sincere appreciation to my associate supervisor, Dr. Vinod
Jayan Sylaja for his assistance, guidance and invaluable advice in Discrete Element
Modelling. I would also like to thank Dr. Sanjay Shrawan Nimbalkar, Alan Grant,
Ian Bridge and other technicians for their continuous help and support during the
experiment tests of this research.
I wish to express sincere gratitude to CRC for Rail Innovation for their financial
support to this research project. I also express my appreciation to the Danang
People’s Committee in Vietnam for providing me with the opportunity and
encouragement to pursue this PhD course.
I also wish to express my heartfelt appreciation to my wife, daughter, and siblings for
their continuous encouragement, and thoughtful advice and understanding during my
research journey. I would also like to thank my friends, Bruce Standen, Duc Vo,
Cuong Nguyen, Ha Tang, Hao Phan, Dien Tuan, Viet Le, Maria Rashidi and fellow
postgraduates, Nayoma Tennakoon and Vo Trong for their social interactions and
discussions during the research study.
Special thanks to my father and mother who have been significantly involved in my
upbringing and education to date. This thesis is dedicated to both of them.

iii

TABLE OF CONTENTS
ABSTRACT .................................................................................................................. i
ACKNOWLEDGEMENTS ........................................................................................ iii
TABLE OF CONTENTS ............................................................................................ iv
LIST OF FIGURES ..................................................................................................... x
LIST OF TABLES ..................................................................................................... xx
LIST OF NOTATION ............................................................................................. xxii
1 INTRODUCTION..................................................................................................... 1
1.1

General Background .................................................................................... 1

1.2

Statement of the Problem ............................................................................. 2

1.3

Objectives and Scope of the Research ......................................................... 5

1.4

Thesis Outline .............................................................................................. 6

2 LITERATURE REVIEW ......................................................................................... 9
2.1

Introduction .................................................................................................. 9

2.2

Ballasted Rail Track Structure ................................................................... 10

2.2.1

Ballast..................................................................................................... 11

2.2.2

Sub-ballast .............................................................................................. 14

2.2.3

Subgrade................................................................................................. 15

2.3
2.3.1

Forces Exerted on Ballast Layer ................................................................ 16
Vertical Forces ....................................................................................... 16

iv

2.3.2

Lateral Forces ......................................................................................... 20

2.3.3

Longitudinal Forces ............................................................................... 21

2.4

Track Substructure Problem....................................................................... 22

2.4.1

Differential Track Settlement ................................................................. 22

2.4.2

Ballast Degradation ................................................................................ 23

2.5

Ballast Fouling ........................................................................................... 28

2.5.1

Sources of Ballast Fouling ..................................................................... 28

2.5.2

Quantifications of Fouled Ballast........................................................... 31

2.5.3

Effect of Ballast Fouling ........................................................................ 37

2.6

Factors Affecting the Deformation of Ballast ............................................ 42

2.6.1

Effects of Loading Amplitude................................................................ 42

2.6.2

Effects of Loading Frequency ................................................................ 45

2.6.3

Effects of the Number of Load Cycles ................................................... 47

2.6.4

Effects of Particle Breakage ................................................................... 49

2.6.5

Effects of Particle Characteristics .......................................................... 50

2.6.6

Effects of Confining Pressure ................................................................ 51

2.7

Use of Geosynthetics in Ballasted Rail Track............................................ 53

2.7.1

Types and Functions of Geosynthetics .................................................. 53

2.7.2

Geogrid Reinforcement Mechanism ...................................................... 55

2.7.3

Ballast - Geosynthetics Interaction ........................................................ 57

v

2.7.4
2.8

Parameters Affecting Ballast-Geogrid Interaction ................................. 62
Chapter Summary....................................................................................... 68

3 LABORATORY INVESTIGATION ..................................................................... 70
3.1

Introduction ................................................................................................ 70

3.2

Large-scale Direct Shear Test .................................................................... 70

3.2.1

Characteristics of the Ballast and Geogrid ............................................. 70

3.2.2

Quantifying the Degree of Fouling and Properties of Coal Fines.......... 74

3.2.3

Set up and Procedure of the Large-scale Direct Shear Test ................... 76

3.3

Track Process Simulation Apparatus (TPSA) ............................................ 80

3.3.1

General Layout of the TPSA .................................................................. 80

3.3.2

Characteristics of the Testing Materials................................................. 87

3.3.3

Preparation of Ballast Samples and Testing Procedure ......................... 89

3.4

Chapter Summary....................................................................................... 93

4 EXPERIMENTAL RESULTS AND DISCUSSION ............................................. 94
4.1

Introduction ................................................................................................ 94

4.2

Results and Discussion on Large-scale Direct Shear Test ......................... 94

4.2.1

Shear Stress-displacement and Compression-dilation of Fresh and

Fouled Ballast .................................................................................................... 94
4.2.2

Influence of Coal Fines on the Strength Envelope of Ballast Specimens
99

vi

4.2.3 Influence of Coal Fines on the Apparent Angle of Shearing Resistance
of Ballast Aggregates ....................................................................................... 101
4.2.4

New Shear Strength Model for Fouled Ballast with and without Geogrid

Reinforcement .................................................................................................. 105
4.3

Track Process Simulation Apparatus (TPSA) .......................................... 110

4.3.1

Lateral Deformation of Fresh and Fouled Ballast ................................ 110

4.3.2

Vertical Settlements of Fresh and Fouled Ballast ................................ 111

4.3.3

Average Volumetric and Shear Strain Responses ................................ 115

4.3.4

Maximum Stresses and Ballast Degradation........................................ 117

4.3.5

Proposed Deformation Model of Fouled Ballast ................................. 121

4.4

Chapter Summary..................................................................................... 123

5 DISCRETE ELEMENT MODELING OF RAILWAY BALLAST..................... 124
5.1

Introduction .............................................................................................. 124

5.2

Discrete Element Method (DEM) ............................................................ 124

5.2.1

Particle Flow Code in Three Dimensions (PFC3D) .............................. 126

5.2.2

Calculation Cycle ................................................................................. 126

5.2.3

Contact Constitutive Model ................................................................. 130

5.2.4

Clump Logic ........................................................................................ 134

5.3

Effects of Particle Shape in DEM ............................................................ 136

5.3.1

Restraining the Particle Rotation ......................................................... 136

5.3.2

Application of Non-circular/spherical Particle by Clump Logic ......... 137
vii

5.4

Use of PFC3D to Model Railway Ballast .................................................. 140

5.5

Modelling Ballast Particles Shape ........................................................... 142

5.5.1

Modelling Procedure ............................................................................ 142

5.5.2

Modelling Large-scale Shear Box in PFC3D ........................................ 144

5.5.3

Computational Procedures ................................................................... 147

5.6
5.6.1

Modelling Geogrid in DEM ..................................................................... 148

5.7

Calibration of the Geogrid ................................................................... 149
Chapter summary ..................................................................................... 152

6 DEM MODEL FOR FRESH AND FOULED BALLAST WITH AND WITHOUT
GEOGRID INCLUSION ......................................................................................... 153
6.1

Introduction .............................................................................................. 153

6.2

Shear Stress-strain and Volumetric Change Analysis.............................. 154

6.3

Contact Force Distribution and Particle Displacement ............................ 155

6.4

Further validation of the DEM Model...................................................... 159

6.5

DEM Simulation for Fouled Ballast......................................................... 160

6.5.1

Proposed Method for Modelling Fouled Ballast in DEM .................... 162

6.6

Distribution of Contact forces in Fresh and Fouled Ballast ..................... 168

6.7

DEM of Ballast and Geogrid in Large-scale Direct Shear Test ............... 171

6.7.1

Shear Stress-Strain and Volumetric Change Analysis ......................... 173

6.7.2

Contact Force Distribution and Contours of Strain Developed in the

Geogrid............................................................................................................. 177
viii

6.8

Modelling Track Process Simulation Apparatus (TPSA) in DEM ........... 180

6.9

Chapter Summary..................................................................................... 186

7 CONCLUSIONS AND RECOMMENDATIONS ............................................... 187
7.1

Introduction .............................................................................................. 187

7.2

Major Conclusions ................................................................................... 187

7.2.1

Experimental Observations .................................................................. 187

7.2.2

Discrete Element Modelling for Railway Ballast ................................ 190

7.3

Practical Implications ............................................................................... 192

7.4

Recommendations for Future Research ................................................... 193

REFERENCES......................................................................................................... 196
APPENDIX A: NUMERICAL SERVO-CONTROL MECHANISM .................... 215
APPENDIX B: RADII AND COORDINATES OF SPHERES CONSTITUTING
CLUMPS, CL1 TO CL9 .......................................................................................... 217
APPENDIX C: MATLAB CODE TO SIMULATE IRREGULAR SHAPED
BALLAST PARTICLES ......................................................................................... 220

ix

LIST OF FIGURES
Figure 1.1 Australia’s Railway Network (adopted from Salim 2004) ........................ 2
Figure 1.2 Section of track fouled ballast and poor drainage (courtesy, Australian
Transport Safety Bureau) ..................................................................................... 3
Figure 1.3 Interlocking mechanism between the geogrid and ballast aggregate
(modified after Tensar 2006) ............................................................................... 4
Figure 2.1 Components of a ballasted rail track structure: (a) longitudinal section; (b)
transverse section (Selig and Water 1994) ......................................................... 10
Figure 2.2 Typical distribution of wheel load in track (adopted from Indraratna et al.
2011a)................................................................................................................. 16
Figure 2.3 Quasi-static vehicle forces on a curved track (modified after Esveld 2001)
............................................................................................................................ 18
Figure 2.4 Impact factor in track design (adopted from Jeffs and Tew 1991) ........... 20
Figure 2.5 Inadequate lateral confinement caused railways lines near Clarence Park
in South Australia to buckle (Courtesy to The Daily Telegraph) ...................... 21
Figure 2.6 Contribution of ballast to track settlement, and the influence of tamping
(after Brown and Selig 1991) ............................................................................. 23
Figure 2.7 Various definitions of particle breakage (inspired by Lade et al. 1996) .. 24
Figure 2.8 Ballast Breakage Index (BBI) method of calculation (after Lackenby et al.
2007) .................................................................................................................. 25
Figure 2.9 Effects of confining pressure 3 and maximum deviator stress
on the ballast breakage index BBI, and the effect of

,

,

on DUDZ, ODZ

and CSDZ breakage zones (modified after Lackenby et al. 2007) .................... 26

x

Figure 2.10 Scenarios of ballast fouling mechanisms: (a) ballast breakage, sleeper
wear, and surface infiltration, (b) underlying granular layer infiltration, (c)
subgrade infiltration (modified after Selig and Waters 1994). .......................... 30
Figure 2.11 Comparison of various sources of ballast fouling (modified after Selig
and Waters 1994) ............................................................................................... 31
Figure 2.12 Particle Size Distribution representing the condition of ballast from fresh
to fouled (modified from Selig and Waters 1994) ............................................. 33
Figure 2.13 Relationship between the percentage of fouling and the Fouling Index
(adopted from Indraratna et al. 2010c) ............................................................... 33
Figure 2.14 Effects of types and degrees of fouling materials on settlement of ballast
(modified after Han and Selig 1997).................................................................. 38
Figure 2.15 Effects of water content on settlement of ballast (modified after Han and
Selig, 1997) ........................................................................................................ 39
Figure 2.16 Direct shear test results of samples of ballast fouled with coal dust
(adopted from Huang et al. 2009) ...................................................................... 41
Figure 2.17 Comparisons of shear strength envelopes between three fouling materials
under wet conditions (adopted from Huang et al. 2009).................................... 41
Figure 2.18 Effect of cyclic load amplitude on deformation of ballast, (a) test load
amplitude, and (b) ballast strain (modified after Stewart 1986) ........................ 43
Figure 2.19 Effect of cyclic stress level on ballast strain (modified after Suiker et al.
2005) .................................................................................................................. 44
Figure 2.20 Effect of loading amplitude on ballast axial strain (adopted from
Lackenby et al. 2007) ......................................................................................... 45
Figure 2.21 Effect of loading frequency on ballast strains (adopted from Shenton
1984) .................................................................................................................. 46
xi

Figure 2.22 Response of displacement (maximum value) (adopted from Luo et al.
1996) .................................................................................................................. 47
Figure 2.23 Effects of train speed on dynamic stresses (adopted from Kemfert and
Hu 1999) ............................................................................................................ 47
Figure 2.24 Effects of load cycles on axial and volumetric strains (modified after
Raymond et al. 1975) ......................................................................................... 48
Figure 2.25 Settlement of fresh and recycled ballast plotted in semi-logarithm scale:
(a) dry specimens, (b) wet specimens (adopted from Indraratna and Salim 2005)
............................................................................................................................ 49
Figure 2.26 Effects of gradation on the vertical strains of ballast under cyclic loading
(modified after Raymond and Diyaljee 1979) ................................................... 51
Figure 2.27 Effect of confining pressure on the deformation of ballast, (a) final axial
strain and, (b) final volumetric strains (modified after Lackenby et al. 2007) .. 52
Figure 2.28 Sketch of the interlocking mechanism of (modified after Tensar (2006)
............................................................................................................................ 56
Figure 2.29 Load distribution with and without geogrid reinforcement (adopted from
Kwon and Penman 2009) ................................................................................... 57
Figure 2.30 Accumulated permanent deformation of ballast placed on flexible
support (modified after Bathurst and Raymond 1987) ...................................... 58
Figure 2.31 Settlement of fresh and recycled ballast under cyclic loading, (a) in dry
condition, and (b) in wet condition (modified after Indraratna et al. 2005)....... 59
Figure 2.32 Schematic diagram showing the installation of: (a) settlement transducers
and displacement transducers; (b) vertical and horizontal pressure cells (adopted
from Indraratna et al. 2010b) ............................................................................. 60

xii

Figure 2.33 (a) Average vertical deformation (Sv)avg and average vertical strain
( 1

avg

; (b) average lateral deformations (Sh)avg and average lateral strain ( 3

avg

of the ballast layer .............................................................................................. 61
Figure 2.34 Influence of support compressibility on permanent deformations
(adopted from Bathurst and Raymond 1987) ..................................................... 62
Figure 2.35 Schematic of the Composite Element Test (adopted from Brown et al.
2007) .................................................................................................................. 63
Figure 2.36 Effect of the size of geogrid aperture on ballast settlement (modified
after Brown et al. 2007) ..................................................................................... 64
Figure 2.37 Effect of the size of geogrid aperture on ballast settlement (after Brown
et al. 2007).......................................................................................................... 64
Figure 2.38

Ballast settlement against load cycles for various 65 mm nominal

aperture geogrids (modified after Brown et al. 2006) ........................................ 65
Figure 2.39 Particle-particle interlock and interlocking of particles in panel (a)
unreinforced ballast and (b) geogrid-reinforced ballast (adopted from Indraratna
et al. 2012).......................................................................................................... 66
Figure 2.40 Interface efficiency factor () versus Ag/d50, a dimensionless parameter
(adopted from Indraratna et al. 2012) ................................................................ 67
Figure 3.1 Particle size distributions of coal fines and ballast used in the study ....... 71
Figure 3.2 Sieving of the ballast sample tested in the laboratory .............................. 72
Figure 3.3 Typical biaxial geogrid tested in the laboratory (aperture: 40x40 mm) ... 73
Figure 3.4 Coal fines tested in the laboratory ............................................................ 75
Figure 3.5 Particle Distribution Size of coal-fouled ballast at VCIs varying from 20%
to 70%VCI, conducted in the laboratory ............................................................ 78

xiii

Figure 3.6 View of the large-scale direct shear apparatus ......................................... 79
Figure 3.7 Schematic diagram of the large-scale direct shear test set up (dimensions
are in mm) .......................................................................................................... 80
Figure 3.8 Primary components of TPSA: (a) general view of the apparatus; (b)
confining pressure control unit; (c) hydraulic jack, potentiometers and clamps;
(d) placement of sleeper on ballast layer; (e) spreading coal fines .................... 84
Figure 3.9 Schematic plan view and cross section of Rail Process Simulation Testing
Apparatus, TPSA (unit: mm) .............................................................................. 85
Figure 3.10 Data logger DT800 used to record displacement during testing ............ 86
Figure 3.11 Typical cyclic loading applied in the study ............................................ 86
Figure 3.12 Data acquisition screen ........................................................................... 86
Figure 3.13 Particle Size Distribution of ballast, and sub-ballast used in the TPSA
testing ................................................................................................................. 89
Figure 4.1 Stress-displacement behavior of fresh ballast with and without geogrid . 96
Figure 4.2 Stress-displacement behaviour of fouled ballast with and without geogrid
(a) 20%. (b) 40%, (c) 70% and (d) 95% ............................................................ 98
Figure 4.3 Variation of peak shear stress of fresh and fouled ballast at various VCIs:
(a) without geogrid and (b) with geogrid ........................................................... 99
Figure 4.4 Strength envelops of fresh and fouled ballast at different Void
Contamination Indexes, (a) without geogrid and (b) with geogrid .................. 101
Figure 4.5 Effect of VCI on normalized peak shear strength and apparent angle of
shearing resistance of ballast: (a) without geogrid and (b) with geogrid ......... 103
Figure 4.6 Normalized angle of shearing resistance by initial angle of shearing
resistance versus VCI for ballast with and without geogrid reinforcement ..... 104
xiv

Figure 4.7 Variation of normalized peak shear stress drop for ballast with and
without geogrid at different VCI ...................................................................... 105
Figure 4.8 Proposed conceptual normalized shear strength model for fouled ballast
reinforced with biaxial geogrid, (a) normalized peak shear stress of fouled
ballast, (b) normalized shear strength reduction with VCI and (c) transformed
axes plot to determine hyperbolic constant a and b ...................................... 108
Figure 4.9 Determination of hyperbolic constants a and b for ballast with and
without geogrid reinforcement ......................................................................... 109
Figure 4.10

Variation of hyperbolic constants a and b for unreinforced and

reinforced ballast with normal stresses ............................................................ 109
Figure 4.11 Variations of the deformation of fresh and fouled ballast with and
without geogrid with varying VCI: (a) lateral displacement (S2, perpendicular to
sleeper), (b) lateral displacement (S3, parallel to sleeper), (c) settlement, S .... 112
Figure 4.12 Variations of final deformation of fresh and fouled ballast with and
without geogrid, with VCI: (a) lateral displacement S2; (b) lateral displacement
S3; (c) settlement S; (d) ballast deformation factor, Rf ..................................... 114
Figure 4.13 Variations of average volumetric strain and shear strain versus average
vertical strain of fresh and fouled ballast with and without geogrid for various
VCI ................................................................................................................... 117
Figure 4.14 Variations of maximum vertical stresses and Ballast Breakage Index of
ballast assemblies with and without geogrid.................................................... 120
Figure 4.15 Comparisons of ballast settlement at varying VCI with/without geogrid
inclusion measured experimentally and predicted ........................................... 122
Figure 5.1 Calculation cycle in PFC3D (Itasca 2008) .............................................. 127
Figure 5.2 Notation used to describe ball-ball contact (adopted from Itasca 2008) 128

xv

Figure 5.3 Force-displacement behaviour for contact occurring at a point (adopted
from Itasca 2008) ............................................................................................. 132
Figure 5.4 Parallel bond depicted as a cylinder of cementation material (adopted
from Itasca 2008) ............................................................................................. 134
Figure 5.5 Contact friction angle versus macroscopic friction angle and dilatancy
angle at steady-state collapse (adopted after Suiker and Fleck 2004) ............. 137
Figure 5.6 Particle size and shape used to model railway ballast in DEM (modified
after Hossain et al. 2007) ................................................................................. 139
Figure 5.7 Representative ballast particles for DEM simulation (modified after
Indraratna et al. 2010c) .................................................................................... 140
Figure 5.8 An eight-ball cubic clump (adopted from Lim and McDowell 2005) .... 141
Figure 5.9 Typical ballast particle tested in the study and illustration of the ballast
particle using clump ......................................................................................... 143
Figure 5.10 Library of ballast particle shapes simulated in DEM .................... 144
Figure 5.11 Initial assembly of large-scale direct shear test with irregular shaped
particles for fresh ballast .................................................................................. 145
Figure 5.12 Schematic diagram of forces acting in the direct shear box (not to scale)
.......................................................................................................................... 147
Figure 5.13 Typical biaxial geogrid modelled in DEM ........................................... 149
Figure 5.14 Tensile testing for biaxial geogrid and DEM simulation ...................... 150
Figure 5.15 Calibration of the geogrid by tension test ............................................. 151
Figure 6.1 Comparisons between the DEM simulation and experiment for fresh
ballast at 3 normal stresses of n = 27kPa, 51kPa, and 75kPa, (a) shear stress
versus shear strain, (b) volumetric strain versus shear strain ........................... 155
xvi

Figure 6.2 Distribution of contact forces in fresh ballast for a normal stress of 51kPa,
(a) at shear strain s = 0%, (b) at shear strain s = 3%, (c) at shear strain s =
6%, (d) at shear strain s = 13% ....................................................................... 157
Figure 6.3 Displacement vectors of particles in the shear box for a normal stress of
51kPa, (a) at a shear strain s = 3%, (b) at a shear strain s = 13% and (c) a
schematic diagram of the conceptual movement of ballast particles in direct
shear testing...................................................................................................... 159
Figure 6.4 Comparisons of shear stress – shear strain between a DEM simulation and
an experiment of a large-scale direct shear test for fresh ballast, as reported by
Huang et al. (2009a) ......................................................................................... 160
Figure 6.5 The variation in maximum dilation (at the end of shearing) of fouled
ballast with various VCIs ranging from 0% to 95%, measured experimentally
.......................................................................................................................... 161
Figure 6.6 A combined method for modelling fouled ballast, (a) small spherical balls
added to simulate fouled ballast, (b) inter-particle coefficient of friction reduced
to simulate fouled ballast ................................................................................. 163
Figure 6.7 Effect of VCI on the apparent angle of shearing resistance of fouled
ballast, measured experimentally ..................................................................... 164
Figure 6.8 Comparisons between the DEM simulation and experiment for 20%VCI
fouled ballast at 3 normal stresses of n = 15kPa, 27kPa, and 75kPa, (a) shear
stress versus shear strain, (b) volumetric strain versus shear strain ................. 166
Figure 6.9 Comparisons between the DEM simulation and experiment for 40%VCI
fouled ballast at 3 normal stresses of n = 15kPa, 27kPa, and 75kPa, (a) shear
stress versus shear strain, (b) volumetric strain versus shear strain ................. 167
Figure 6.10 Comparisons between the DEM simulation and experiment for 70%VCI
fouled ballast at 3 normal stresses of n = 15kPa, 27kPa, and 75kPa, (a) shear
stress versus shear strain, (b) volumetric strain versus shear strain ................. 168
xvii

Figure 6.11 Evolution of the distribution of contact forces in fresh and fouled ballast
at various VCIs (at 3% shear strain), (a) 0% VCI, (b) 20%VCI, (c) 40% VCI and
(d) 70% VCI ..................................................................................................... 170
Figure 6.12 Variation of the number of contacts, and the maximum contact force for
fresh and fouled ballast at various VCIs ranging from 0% to 70%, at 3% shear
strain ................................................................................................................. 171
Figure 6.13 DEM model of large-scale direct shear box with the geogrid inclusion
.......................................................................................................................... 172
Figure 6.14 DEM model of large-scale direct shear test for fresh ballast with geogrid
inclusion ........................................................................................................... 173
Figure 6.15 Comparisons between the DEM simulation and experiment for fresh
ballast reinforced with geogrid at 3 normal stresses of n = 27kPa, 51kPa, and
75kPa: (a) shear stress versus shear strain, (b) volumetric strain versus shear
strain for fresh ballast with geogrid ................................................................. 175
Figure 6.16 Comparisons between the DEM simulation and experiment for 40%VCI
fouled ballast reinforced with geogrid at 3 normal stresses of n = 27kPa,
51kPa, and 75kPa, (a) shear stress versus shear strain, (b) volumetric strain
versus shear strain ............................................................................................ 176
Figure 6.17 Distribution of contact forces in fresh ballast and 40%VCI fouled ballast
for a normal stress of 51kPa at shear strain s = 6%, (a) Fresh ballast (b)
40%VCI fouled ballast ..................................................................................... 178
Figure 6.18 Contour strain (in shearing direction) developed across the geogrid in at
the end of shear test: (a) Fresh ballast, (b) 40%VCI fouled ballast ................. 179
Figure 6.19 Actual deformed shape of the simulated geogrid at the end of the test for
fresh ballast. ..................................................................................................... 180

xviii

Figure 6.20 DEM boundary conditions and applied cyclic load to simulate fresh
ballast ............................................................................................................... 183
Figure 6.21 Variations of lateral displacement, settlement and number of broken
bonds with load cycles obtained from DEM simulations compared to data
measured experimentally ................................................................................. 185
Figure 6.22 Contact force distributions of ballast at load cycle, N=1000
(a) fresh ballast assembly; (b) 70%VCI-fouled ballast assembly................... 185

xix

LIST OF TABLES
Table 2.1 Ballast particle size and gradation (AS 2758.7 and TS 3402) ................... 12
Table 2.2 Minimum ballast strength and maximum strength variation (AS 2758.7) 13
Table 2.3 Ballast Specifications in Australia, USA, Canada and UK........................ 13
Table 2.4 Global requirements for the sub-ballast and subgrade layer (Esveld 2001)
............................................................................................................................ 15
Table 2.5 Factors affecting particle breakage (adopted from Lackenby 2006) ......... 27
Table 2. 6 sources of ballast fouling (Selig and Waters 1994) .................................. 28
Table 2.7 Categories of fouling based on the fouling index, percentage of fouling,
and relative ballast fouling ratio (Indraratna et al. 2011c) ................................. 36
Table 2.9 Functions and properties of geosynthetics used for rail tracks (adopted
from Fluet 1986) ................................................................................................ 54
Table 3.1 Grain size characteristics of ballast ............................................................ 72
Table 3.2 Physical and technical properties of geogrid and geotextile (courtesy,
Polyfabrics Australia Pty Ltd)............................................................................ 73
Table 3.3 Engineering properties of coal fines .......................................................... 75
Table 3.4 Testing program and amounts of materials used in large-scale direct shear
tests..................................................................................................................... 80
Table 3.5 Grain size characteristics of ballast and sub-ballast used for the TPSA tests
............................................................................................................................ 88
Table 3.6 Testing program and amounts of materials used in each test .................... 92
Table 4.1 Peak shear stress of ballast with and without geogrid under various fouling
conditions ......................................................................................................... 100
xx

Table 5.1 Radii and coordinates of spheres constituting clumps CL1 ..................... 143
Table 5.2 Micro-mechanical parameters adopted for ballast and shear box boundary
walls in DEM ................................................................................................... 146
Table 5.3 Micro-mechanics parameters of geogrid adopted for DEM simulation ... 151
Table 6.1 Micro-mechanical parameters adopted for coal fines to simulate fouled
ballast at a specific VCI .................................................................................... 164
Table 6.2 Micromechanics parameters of ballast particles and walls applied in DEM
simulation of the TPSA..................................................................................... 181
Table 6.3 Micro-mechanical parameters of coal fines and number of coal fine
particles generated in DEM .............................................................................. 181

xxi

LIST OF NOTATION
a, b

hyperbolic constants

A

area between particle size distribution curves before and after
loading
grading modulus

Ag

geogrid aperture size
area of a wall

B

area between the arbitrary boundary of maximum breakage and
the final particle size distribution

Bw

width of the shear box

BBI

ballast breakage index

Bg

particle breakage

Br

relative breakage

Bp

breakage potential

Bt

breakage total

c

super-elevation

CBR

California Bearing Ratio

CSDZ

compressive stable degradation zone

d100

maximum particle size
super-elevation deficiency
xxii

d50

average size particle of ballast

DEM

discrete element method

DIZ

diminishing interlock zone

Dw

diameter of the wheel

D10

size of particle ccorresponding to 10% finer

D90

size of particle ccorresponding to 90% finer
change of mean effective particle size

DUDZ

dilatant unstable degradation zone

Ev2

modulus of elasticity taken from the second load step in a plate
loading step

ef

void ratio of fouling material

eb

void ratio of fresh ballast

Fi

contact force vector
normal contact force
shear contact force

FI

fouling index

FID

fouling index

FIZ

feeble interlock zone

{ Fi s }[ current ]

accumulating the current shear force
normal force at the shear band
xxiii

shear force at the shear band
maximum contact shear force

g

acceleration due to gravity

G

weight of the vehicle per axle
gain factor
horizontal distance between the centre line of the rail

G s .b

specific gravity of ballast

Gs. f

specific gravity of fouling material
vertical distance from the top of the rail to the centre of the
vehicle mass

Hw

cross wind force

HS

force required to initiate lateral displacement
angular momentum of the particle
principal moments of inertia of the particle

,

,

principal moments of inertia of the particle

kn

normal stiffness

knp

parallel bond normal stiffness
average stiffness of contacts

ks

shear stiffness

ksp

parallel bond shear stiffness
xxiv

kn-wall

contact normal stiffness of wall-particle

ks-wall

contact shear stiffness of wall-particle
contact normal stiffness
contact shear stiffness

L

length of the shear box

m

mass of particle

m, n

dimensionless constants

Mb

dry mass of fresh ballast

Mf

dry mass of fouling material
resultant moment acting on the particle

,

,

components of the resultant moment referred to the principal
axes

n

cyclic load amplitude ratio
unit normal vector of the contact plane

N

number of load cycle

Nc

number of contacts on the wall

NL

applied normal load
number of particle in a clump
normal force acting on the left and right side walls of the upper
box

xxv

OIZ

optimum interlock zone

ODZ

optimum degradation zone

p

mean effective normal stress

pc

distance between center of rails and center of gravity of vehicle

pw

vertical distance of resultant wind force from center of rails

P

axle load

PFC

particle flow code

PVC

percentage void contaminant

P0.075

percentage passing 0.075 mm (No. 200) sieve

P4.75

percentage passing 4.75 mm (No. 4) sieve

P13.2

percentage passing 13.2 mm sieve

Pd

design wheel load

PH

lateral force at curved track

Ps

static wheel load

q

distortional (or deviator) stress
⁄
⁄

cyclic stress ratio
,

maximum static stress ratio

Qstatic

static wheel load

Qcentrifugal

increase in wheel load on the outer rail in curves due to noncompensated centrifugal force

xxvi

Qwind

increase in wheel load due to wind

Qdynamic

dynamic wheel load component resulting from sprung mass,
unsprung mass, corrugations, welds, wheel flats, etc.

rp

parallel bond radius multiplier

R

radius of a curved track

Rp

radius of particle

Rf

ballast deformation factor

Rb-f

relative ballast fouling ratio

s

track width

S

vertical settlement

S2

lateral displacement (perpendicular to sleeper)

S3

lateral displacement (parallel to sleeper)

(Sv)avg

average vertical deformation

(Sh)avg

average lateral deformation
shear force acting on the upper box

t

shearing time

TPSA

track process simulation apparatus
velocity of a wall
normal displacement

V

velocity of the train

xxvii

VCI

void contamination index

V1

void volume between re-compacted ballast aggregates

V2

total volume of re-compacted fouling materials
shear component of the contact velocity

Wb

weight of ballast in upper box

Wki

percentage retained by weight in each grain size fraction before
test

Wkf

percentage retained by weight in each grain size fraction after
test
weight of the top load plate
location of the centre of clump mass
translational velocity
acceleration of the particle at the centre of mass

α

interface efficiency factor



apparent friction angle of the interface

  

dimensionless speed coefficient for the impact factor 



increment in shear force



change in force on the wall

∆

change in surface area of particle

∆

critical time step

xxviii



increment in shear displacement

Wk

difference between Wki and Wkf



change in mean wall stress

 p

change in peak shear stress

 p

n

normalized change in peak shear stress

s

shear strain

v

volumetric strain



average shear strain



average volumetric strain



average vertical strain (major principal strain) in ballast layer



average

intermediate

principal

strain

in

ballast

layer

(perpendicular to sleeper)



average lateral strain (minor principal strain) parallel to a sleeper



friction angle of the soil

v

shear velocity
bulk coefficient of friction

c

uniaxial compressive strength of parent rock

n

normal stress

sp

parallel bond shear strength
xxix

measured stress on wall
required stress on wall
confining pressure in perpendicular to sleeper
confining pressure in parallel to sleeper



shear stress

p

peak shear stress

( P ) Coal _ Dust

peak shear stress of coal dust

( P ) Fresh _ Ballast

peak shear stress of fresh ballast

( P ) Fouled _ Ballast

peak shear stress of fouled ballast
shear stress

µ

inter-particle coefficient of friction



dimensionless impact factor

μ

interparticle friction angle between two particles

f

peak angle of fouled ballast shearing resistance

o

peak angle of fresh ballast shearing resistance

f
o

normalized peak angle of shearing resistance

,

,

angular accelerations about the principal axes
angular velocity of the particle

xxx

1 INTRODUCTION
1.1

General Background

The rail track network forms an important part of the transportation infrastructure of
Australia.It plays a significant role in maintaining a healthy economy through
transporting export-oriented heavy bulk freight (coal, minerals and agricultural
products) and carrying passengers between major cities and from various inland
terminals to ports. Nowadays, with the increasing competition from other means of
transport such as trucks, buses, aircraft and ships, means that the railway industry
must continually upgrade the track system and apply innovative technology to
minimise the cost of construction and maintenances, as well as increase passenger
comfort (Suiker 2002). Salim (2004) presented that Australia has more than 43,000
km of narrow, broad, standard and dual gauge ballasted rail tracks (Figure 1.1).
There are millions of passengers travelling in trains every year, particularly in the
state of New South Wales (NSW). According to data reported by RailCorp (RailCorp
2010-11), there has been around 300 million passengers travelling by train during the
financial year 2010-2011, and growth in CityRail passenger journeys increased by
1.8% in this year, leading to an approximately increase of 10% compared to 2005.
Costs associated with track maintenance are steadily increasing primarily due to the
utilisation of heavier and faster trains, coupled with a lack of effective methods to
strengthen the track substructure. In Australia, massive amounts of funds are invested
in track maintenance to sustain stability and improve passenger comfort. The
Australian government has just invested of $1.3 billion in the rail industry (RailCorp
2010-11) to make continual improvements to the rail networks. The funds spent to
maintain the track substructure, including ballast, sub-ballast and subgrade are
significant compared to those spent on the track superstructure (rails, fasteners and
sleepers) (Selig and Waters 1994). The American railway industry has invested
millions of dollars per year for ballast and associated maintenance costs (Chrimer
1985). During the 1992-1993 period, the State Rail Authority of New South Wales
used in excess of 1.3 million tonnes of ballast at a cost of over $12 million to replace
the ballast in rail track (Indraratna et al. 1997) and millions of dollars were invested
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annually to quarry and purchase 800,000 tons of coarse aggregates for ballast in New
South Wales (Lackenby 2006).

Figure 1.1 Australia’s Railway Network (adopted from Salim 2004)
1.2

Statement of the Problem

The ballast layer plays a crucial part in transmitting and distributing the wheel load
from sleepers to the underlying sub-ballast and subgrade at a reduced and acceptable
stress level (Selig and Waters 1994). It is normally composed of strong, medium to
coarse granular sized particles (10-63mm) with a large amount of pore space and a
permeable structure to assist in rapid drainage and have a high load bearing capacity
(Indraratna and Salim 2005). During operation, ballast deteriorates due to the
breakage of angular corners and sharp edges, the infiltration of fines from the
surface, and mud pumping from the subgrade under train loading (Indraratna et al.
2011a). As a result of these actions, ballast becomes less angular, fouled, reduced in
shear strength and with impeded drainage (Figure 1.2). Fouling materials have
2

traditionally been considered as unfavourable to track structure as they increase
deformation and may cause differential track settlement. Where there is saturation
and poor drainage, trapped water results in increased pore water pressure and
subsequent localised undrained shear failure of the ballast.

Figure 1.2 Section of track fouled ballast and poor drainage (courtesy, Australian
Transport Safety Bureau)
Modernising the national railroad infrastructure is a challenge facing all developed
societies due to increased competition from the other means of transportation.
Consequently, adopting innovative and effective methods to improve the
serviceability and effectiveness, and to reduce maintenance and infrastructure costs
of rail tracks, is inevitable. Walls and Galbreath (1987) showed that the periods
between maintenance cycles could be increased by as much as 12 times by using
geogrids to reinforce ballast. Geogrid is a type of polymer geosynthetic usually
placed between the layer of sub-ballast and ballast to provide additional confining
pressure and strengthen the ballast due to interlocking with surrounding ballast
aggregates (Figure 1.3). As a result, this significantly decreases lateral spreading, a
major cause of ballast deformation. Although the effect of geogrid in strengthening
the ballast layer has been recognised (Shin et al. 2002; Salim 2004; Tutumluer et al.
2012), the interface behaviour between the geogrid and ballast has not examined in
details or incorporated into ballasted rail track designs. This is probably because
3

when ballast is fouled, the effectiveness of geogrid is believed to decrease
significantly due to fine particles clogging the apertures of the geogrid and acting as
lubricant leading to a reduced interlocking and mobilised frictional resistance
between the geogrid and the ballast. Therefore, the degree of improvement in track
performance with the inclusion of geogrid while considering the various fouling
conditions must be investigated and incorporated into existing rail track designs.

Figure 1.3 Interlocking mechanism between the geogrid and ballast aggregate
(modified after Tensar 2006)
The behaviour of fresh and fouled ballast has previously been investigated (Suiker et
al. 2005; Tutumluer et al. 2006; Anderson and Fair 2008; Tutumluer et al. 2008;
Aursudkij et al. 2009; Huang et al. 2009a; Indraratna et al. 2009a; Indraratna et al.
2010a), among others. However, most of these studies were conducted in a
laboratory and only limited attempts were made to study the effects of fouling
numerically. Furthermore, due to the discrete nature of ballast material, continuum
modelling through finite element or finite difference methods is no longer realistic.
They are unable to provide any insight into micro-scale responses such as particle
shape, rotation and displacement, and contact force chain developed among the
particles. A quantitative understanding of fouled ballast can only be obtained by
modelling its particulate nature. The Discrete Element Method (DEM) based on
discrete particle mechanics introduced by Cundall and Strack (1978) has progressed
rapidly over the years and can now capture the more insightful micro-mechanical
behaviour of granular materials (Sitharam and Vinod 2005; Lobo-Guerrero and
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Vallejo 2006; Hossain et al. 2007; O'Sullivan et al. 2008; Sitharam and Vinod 2008;
O'Sullivan and Cui 2009; Sitharam and Vinod 2009; Huang et al. 2009b; Thakur et
al. 2010; Wang and Gutierrez 2010; Indraratna et al. 2010c; O'Sullivan 2011), and
among others. DEM simulations can now provide microscopic information such as
the contact force chain and particle displacements that are infeasible to measure
experimentally. However, the use of DEM to predict the stress-strain response of
fouled ballast has been very limited in the literature. Huang et al. (2009a, b)
conducted an experiment and DEM study, but they did not analyse the volumetric
change of ballast in relation to various levels of fouling. Therefore, it is imperative to
apply DEM to model both fresh and fouled ballast, in order to capture the volumetric
change and corresponding stress-strain behaviour at various levels of fouling.
1.3

Objectives and Scope of the Research

Ballast fouling has been considered to be an unfavourable condition for track
structure that presents challenges to its stability and passenger comfort. The primary
objective of this research is to study the interface of geogrid-ballast under varying
conditions of coal fouling, both in laboratory testing and numerical modelling, using
the Discrete Element Method (DEM), particularly with regard to deformation and the
stress-strain behaviour of ballast fouled with coal. Within the scope of this research,
only one type of polymer geogrid with a 40 mm x 40 mm size aperture was tested,
and coal fines were used as fouling materials which is very common in Australian
tracks (Feldman and Nissen 2002). In this research the mechanical degradation, shear
strength, and deformation of ballast associated with coal fouling and the inclusion of
geogrids are mainly examined, while the natural degradation of ballast in the form of
its physical, chemical or bio-weathering is beyond the scope of this study. Due to the
limitation of DEM simulation to handle large number of cyclic loads, only 4000
cyclic loads were conducted to investigate deformation behaviour of fresh and fouled
ballast subjected to cyclic loading.
The specific objectives of this research are summarised as follows:
1. A laboratory investigation to study the interface of geogrid and ballast subjected
to various fouling conditions. The influence of coal fines and the effect of
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geogrid on the shear stress-displacement and dilatancy of fouled ballast were
examined in detail using large-scale direct shear apparatus.
2. A novel Track Process Simulation Apparatus (TPSA) was also used to simulate
realistic track conditions subjected to cyclic loading. The TPSA is expected to be
the most appropriate apparatus to study the complex deformation and degradation
of fouled ballast reinforced by the geogrid. The results of this study provide a
direct comparison between the deformation and degradation of ballast fouled
with coal, with and without the inclusion of geogrid.
3. Developing novel empirical equations based on extensive laboratory testing with
the ultimate aim of assisting practising engineers in predicting the shear strength,
apparent angle of shearing resistance and settlement of fouled ballast.
4. A computational simulation model called the Discrete Element Method (DEM)
was used to model the particular nature of ballast aggregates. The behaviour of
fouled ballast was investigated at a micro - scale level to better understand the
interaction mechanism of geogrid-reinforced fouled ballast with respect to the
distribution of contact forces, and the particle shape and particle movement. This
DEM model for fouled ballast was calibrated and validated with the experimental
data conducted in this research and published literatures.
1.4

Thesis Outline

This thesis is divided into 7 chapters including this Introduction. The structure of the
subsequent chapters is organised as follows:
Chapter 2 presents the literature review giving an overview of the current state of
research on the behaviour of ballast that begins with a brief background of railway
components, followed by a discussion of the forces generated on the ballast layer. A
description of fouling, the quantification of fouled ballast, and its subsequent
degradation and deformation is also provided. The application of geosynthetics in
railroad tracks also critically reviewed and discussed.
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Chapter 3 describes the details of the large-scale direct shear tests and Track Process
Simulation Apparatus (TPSA) conducted in this study. Tested materials and their
physical characteristics, preparation of the samples, and the testing procedure and set
up of each laboratory investigation are presented.
Chapter 4 presents the findings and discussion of the results measured
experimentally. The shear stress-displacement, degradation, and deformation of
fouled ballast under varying levels of fouling reinforced with geogrid are discussed.
Proposed equations for the prediction of shear strength and settlement of fouled
ballast are presented. This can be incorporated into existing ballasted rail track
design and used for a better forecast of the maintenance cycles.
In Chapter 5, the theoretical background of the Discrete Element Method (DEM) is
presented, and a DEM simulation of granular materials using the Particle Flow Code
in 3-Dimension (PFC3D) is described. The contact constitutive model and clump
logic used to model irregular shape of particles are presented. The effect of particle
shape and methods to model particle shape in DEM are discussed. This Chapter is
followed by a presentation of modelling irregularly shaped particles of ballast, and
ballast fouling.
In Chapter 6, the results of DEM simulation for fresh and fouled ballast with and
without the inclusion of geogrid are presented. To validate the DEM model for
fouled ballast, the simulated results are analysed and compared with the experimental
results reported in Chapter 4. The 2-Dimension Particle Flow Code (PFC2D) is also
used to simulate the TPSA of fouled ballast subjected to cyclic loading and similar
boundary conditions conducted in the laboratory. The contact force distribution of a
fouled ballast structure is to give a better insight into the distribution of contact
forces and the degradation mechanism of fouled ballast.
Chapter 7 summarises the major finding of this research study. The practical
implications are also presented with the aim of assisting practicing engineers to
better predict ballast maintenance cycles. Finally, several recommendations are

7

proposed for future research. This is followed by a list of references and the
Appendixes.
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2
2.1

LITERATURE REVIEW

Introduction

The railroad track system forms a vital role in the transport infrastructure of a
country in transporting freight, bulk commodities, and passengers. Rail track
comprises two main components: superstructure and substructure. Many researchers
have indicated that the majority of track failure and maintenance costs are related to
the substructure (Ionescu et al. 1998; Indraratna et al. 2002; Wheat and Smith 2008).
Upon repeated train loading, ballast becomes degraded and fouled by the progressive
accumulation of fines within the voids. Fouling causes excessive track settlement and
decreases the load bearing capacity of the ballast due to a reduction in the shear
strength and friction angle of the granular assembly. The foundations of tracks built
on clay or layers of soft soil results in further track deterioration and fouling
attributed to clay or mud pumping up to the ballast layer (Trani 2009). In severe
circumstances, fouled ballast must be cleaned or replaced to sustain the desired
stiffness (resiliency), load bearing capacity, and alignment, all of which influences
the imperative level of safety and passenger comfort.
One of the promising methods of stabilising the ballasted rail track built on layers of
soft soil, and decreasing ballast degradation, is to reinforce the track by laying
geosynthetics in the ballast layer (Indraratna et al. 2006; Indraratna et al. 2011a). The
geogrid confines the particles of ballast and resists any lateral spreading through the
interlocking effect that occurs at the interface of the ballast and geogrid (Bathurst and
Raymond 1987; Indraratna et al. 2012). When the ballast is fouled by breakage or
infiltration of fine particles, interlocking would decrease significantly as fine
particles are clogged and trapped in the aperture of the geogrid resulting in geogrid
that is not performing properly.
The following sections present an overview of literatures on ballasted rail track
substructure, ballast fouling and use of geosynthetics in rail tracks.
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2.2

Ballasted Rail Track Structure

The components of typical ballasted rail track are generally divided into two main
categories: (a) superstructure (rails, fastening system, sleepers); (b) substructure
(ballast, sub-ballast, subgrade), as depicted in Figure 2.1. Upon repeated train
loading, wheel loads are transferred from the superstructure into the substructure
through the ballast layer. To deliver safety and passenger comfort, each component
of the track structure must perform its desired functions properly, while responding
to the anticipated train loadings and environmental conditions imposed on the tracks.

(a)

(b)

Figure 2.1 Components of a ballasted rail track structure: (a) longitudinal section; (b)
transverse section (Selig and Water 1994)
10

2.2.1

Ballast

Ballast is a free draining granular material that helps transmit and distribute an
induced cyclic load to the underlying sub-ballast and subgrade at a reduced and
acceptable level of stress. It is a natural or crushed granular material with a typical
thickness of 250-350 mm that is placed beneath the track superstructure and above
the sub-ballast (capping) or subgrade. Conventionally, coarse-sized, angular,
crushed, hard stones and rocks, uniformly graded, free of dust, and not prone to
cementing action has been considered as good ballast materials (Selig and Waters
1994). Owing to limited universal agreement on the engineering characteristics of
ballast, the selection of ballast sources generally depends on the availability and
economic considerations.
2.2.1.1 Functions of Ballast

The functions of ballast have been well documented by many researchers (Jeffs
1989; Selig and Waters 1994; Ionescu et al. 1998; Indraratna and Salim 2005;
Indraratna et al. 2011a), and are categorised as follows:


Provide a stable load-bearing platform and support the sleepers uniformly



Transfer induced traffic load to the sub-ballast and subgrade layers at reduced
and acceptable level of stress



Provide sufficient stability to the sleepers against induced forces generated by
traffic loads



Provide adequate elasticity and dynamic resiliency to the track system



Resist crushing, attrition, bio-chemical and mechanical degradation and
weathering



Provide minimal plastic deformation of the track structure



Provide adequate permeability for drainage purposes
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Facilitate maintenance operations



Inhibit weed growth by reducing fouling



Absorb noise and provide sufficient electrical resistance.

2.2.1.2

Properties of Ballast

To meet the above-mentioned functions properly, ballast must fullfil certain
specifications (e.g., size, shape, hardness, gradation, angularity, surface roughness,
bulk density, strength, durability, resistance to weathering). To meet ballast
requirements, several specifications and standards have been introduced worldwide
by railroad organisations. Generally, ballast aggregates must be angular, uniformly
graded, and durable under increased traffic loads, higher frequency and
environmental factors. Australian Standard, AS 2758.7 (1996) specifies the general
requirements and specifications of ballast together with the minimum wet strength
and the wet/dry strength variation of ballast conforming to AS 1141.22 (1996). The
Rail Infrastructure Corporation (RIC) of NSW, Australia also introduced a Technical
Specification TS 3402 (2001) to specify the required characteristics of ballast. The
size, gradation of ballast stated in AS 2758.7 (1996) and TS 3402 (2001) and the
minimum wet strength and the wet/dry strength variation of ballast are presented in
Table 2.1 and Table 2.2, respectively.
Table 2.1 Ballast particle size and gradation (AS 2758.7 and TS 3402)
Sieve size (mm)

% passing by weight
(Nominal ballast size = 60 mm)

63.0

100

53.0

85-100

37.5

20-65

26.5

0-20

19.0

0-5

13.2

0-2

9.50

12

4.75

0-1

1.18

-

0.075

0-1

Table 2.2 Minimum ballast strength and maximum strength variation (AS 2758.7)
Minimum wet strength (kN)

Wet/dry strength variation (%)

175

 25

The durability of ballast is often evaluated by several standard tests such as the Los
Angeles abrasion (LAA) test stated in AS 1141.23 (1996), the Aggregate Crushing
test specified in AS 1141.21 (1996), and the Wet Attrition test presented in AS
1141.27 (1996) among others. Table 2.3 summarises a comparison of the ballast
specifications in Australia (AS 2758.7, 1996), USA (Gaskin and Raymond 1976),
Canada (Gaskin and Raymond 1976; Raymond 1985) and UK (Lim 2004).
Table 2.3 Ballast Specifications in Australia, USA, Canada and UK
Ballast property

Australia

USA

Canada

UK

Aggregate Crushing Value

< 25%

-

-

<22%

Los Angeles Abrasion

< 25%

< 40%

< 20%

<20%

Flakiness Index

< 30%

-

-

<35%

Misshapen Particles

< 30%

-

< 25%

-

Sodium Sulphate Soundness

-

< 10%

< 5%

-

N/A

< 10%

-

Magnesium

Sulphate -

Soundness
Soft and Friable Pieces

-

< 5%

< 5%

-

Fines (< No. 200 sieve)

-

< 1%

< 1%

-

Clay Lumps

-

< 0.5%

< 0.5%

-

Bulk Unit Weight (kg/m3)

> 1200

> 1120

-

-

Particle Specific Gravity

> 2.5

> 2.6

-
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2.2.2

Sub-ballast

Sub-ballast or capping generally consist of well-graded crushed rock or sand/gravel
mixtures having a usual thickness of 150 mm, placed between ballast and subgrade
layers (Selig and Waters 1994; Profillidis 1995). The layer of sub-ballast acts as a
filter and separating layer transmitting and distributing imposed loads from the
ballast down to the subgrade, and it also acts as a drainage medium to dissipate
cyclic pore water pressure. The primary functions of the sub-ballast are given by
Selig and Waters (1994) as follows:


Minimise the traffic induced stresses on the subgrade by providing an
additional load distribution



Prevent interpenetration between the subgrade and the ballast, and the
subsequent formation of slurry



Prevent the upward migration of fine particles emanating from the subgrade
(e.g., clay or mud pumping)



Facilitate drainage by promoting water transfer away from the subgrade

Therefore, attention must be given to its drainage and filtering functions when
designing sub-ballast layer (Trani and Indraratna 2010). In low lying coastal areas in
Australia, saturated clay or soft soil subgrade can become slurried or liquefied and
may pump upwards to foul the ballast under repeated train passage. Ballast fouling
associated with clay pumping usually occurs during and after heavy rainfall, and may
cause the track to become unstable (Indraratna et al. 2011a). Using geosynthetics in
ballasted rail tracks may prevent or minimise ballast fouling, so this feature will be
discussed and examined further in the following sections.
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2.2.3

Subgrade

The subgrade or formation layer is the platform on which the rail track structure is
constructed. The subgrade may be classified into two parts: (i) natural ground
(formation) and (ii) placed soil (Figure 2.1). The subgrade must be stiff and have a
bearing capacity capable of supporting traffic induced stresses at the subballast/subgrade interface. The essential requirements for the subgrade and subballast are presented in Table 2.4. When a track is to be built on soft soil, the
subgrade must be stabilised by ground improvement methods such as prefabricated
vertical drains (PVD), lime-cement columns, deep cement/grouting, and the
vibratory (pneumatic) compaction or bio-engineering method of native vegetation
(Indraratna et al. 2006; Indraratna et al. 2011a). To provide a stable platform for rail
track, the subgrade must be able to prevent the failure modes given below (Selig and
Waters 1994):


Excessive progressive deformation from induced cyclic train loading



Consolidation settlement and excessive shear failure under the combined
weight of trains, track structure, earth, and induced cyclic loading



Significant changes in volume (swelling or shrinking) associated with
changes of water content



Attrition of the subgrade

Table 2.4 Global requirements for the sub-ballast and subgrade layer (Esveld 2001)
Parameters

Required values
Sub-ballast

Subgrade

California Bearing Ratio (CBR) [%]

>25

>5

Ev2 [MPa]*

100

35

Compaction through Proctor [%]

100

97

<10

<10

Maximum

deviation

subgrade profile [mm]

from

design
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* Ev2 is the modulus of elasticity taken from the second load step in a plate
loading step.
2.3

Forces Exerted on Ballast Layer

It is important to comprehend the type and magnitude of induced loads that the track
substructure must be subjected to during track operations. According to Esveld
(2001), the induced traffic loads acting on the ballast layer can be divided into
vertical, lateral, and longitudinal forces. Details of these forces are presented in the
following sessions.
2.3.1

Vertical Forces

Forces acting perpendicular to the plane of rails are categorised as vertical forces. A
typical load transfer mechanism of wheel load to the rails, sleepers, ballast, subballast, and subgrade is depicted in Figure 2.2.

Figure 2.2 Typical distribution of wheel load in track (adopted from Indraratna et al.
2011a)
This vertical force is a combination of a quasi-static load and a dynamic load
(Esveld 2001). The quasi-static load consists of three elements, as shown below:
(2. 1)
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(2. 2)
where,

= static wheel load = half of static axle load,

= increase in

wheel load on the outer rail in curves due to non-compensated centrifugal force,
= increase in wheel load due to wind,

= dynamic wheel load

component resulting from the sprung mass, the unsprung mass, corrugations, welds,
wheel flats, etc.
Esveld (2001) proposed equations for determining the centrifugal and wind forces by
considering the limit equilibrium of the forces imposed on a train (Figure 2.3), as
given below:
(2. 3)
(2. 4)
where,

= weight of the vehicle per axle,

= speed,

= acceleration due to gravity,

super-elevation,
of the vehicle, and

= cross wind force, = track width,
= radius of curved track,

= cant or

= distance between the centre of the rails and the centre of gravity
= vertical distance of the resultant wind force from the centre

of the rails.
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Figure 2.3 Quasi-static vehicle forces on a curved track (modified after Esveld 2001)
is the most uncertain component of the vertical forces and is usually
determined by multiplying the

by a dynamic amplification factor (Esveld

2001). Jeffs and Tew (1991) presented the primary factors influencing the magnitude
of

as the velocity of the train, the static wheel load and wheel diameter,

unsprung mass of the train, track structure (including track joints, geometry, and
modulus of the track, and characteristics of ballast, sub-ballast).
Jeffs and Tew (1991) proposed an empirical equation to determine the design vertical
wheel load, as shown below:


where,

(2. 5)
= design wheel load (kN) incorporating the dynamic effects,

= static

wheel load, and  = dimensionless impact factor typically >1 and is estimated at:



1

where,

.

(2. 6)

= diameter of the wheel (m), and = train velocity (km/h).
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The Office of Research and Experiments, ORE (1965) proposed a comprehensive
method for estimating the impact factor  based on the measured track forces, as
given below:





1





(2. 7)

where,  ,  ,  are the dimensionless speed coefficients. The coefficient  depends
on track irregularity, and the suspension and speed of the train, and is determined as
given below:



0.04

(2. 8)

The coefficient  considers the effect of shifts in the wheel load in curves, and is
determined by either Equation 2.9 or 2.10 as:
.



(2. 9)
.



(2. 10)

The coefficient  depends on the design and speed of the train, the condition of the
track, and the maintenance condition of the locomotives. It can be approximately
determined as follows:



0.10

where,

0.017

= train speed (km/h),

(2. 11)
= The horizontal distance between the centreline of

the rail (m),

= vertical distance from the top of the rail to the center of the vehicle

mass (m),

= super-elevation deficiency (m),

acceleration due to gravity (m/sec2), and

= super-elevation (m),

=

= radius of the curve (m).

The ORE impact  for various train velocities and different standards of tangent
track is presented in Figure 2.4.
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Figure 2.4 Impact factor in track design (adopted from Jeffs and Tew 1991)
2.3.2

Lateral Forces

Forces acting parallel to the long axis of the sleepers are classified as lateral forces.
Selig and Waters (1994) stated that there are two main sources of lateral forces, (i)
lateral wheel force initiated by friction between the wheel and the rail, plus the lateral
force applied by the wheel flange on the rail, and (ii) the buckling reaction force
generated by the high compressive stresses associated with larger changes in the
temperature of the rail. Yoo and Selig (1979) stated that under traffic loading, the
tracks extend both longitudinally and laterally, while the horizontal strains are
usually greater than the vertical strains. Selig and Waters (1994) stated that the
lateral spreading of ballast that can cause the track to become unstable, can be
attributed to reduced horizontal confinement. Figure 2.5 shows how the lack of
lateral confinement causes instability such as buckling in the track. ORE (1965)
conducted experiments at speeds up to 200 km/hour and concluded that the lateral
force on the track depends mainly on the radius of the curvature and proposed an
empirical equation to estimate the lateral force, as given below:
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35

(2. 12)
= lateral force at curved track (kN); and

where,

= radius of curve (m).

Key (1998) proposed another empirical expression, which is considered to increase
with the traffic load, to determine the lateral force, as shown below:
10

where,

(2. 13)
= force (kN) required to initiate lateral displacement, and

= axle load

(kN).

Figure 2.5 Inadequate lateral confinement caused railways lines near Clarence Park
in South Australia to buckle (Courtesy to The Daily Telegraph)

2.3.3

Longitudinal Forces

Longitudinal forces are parallel to the rails and are generated by the following
sources (Selig and Waters 1994):


A locomotive traction force comprising the force needed for the train to
accelerate



Accelerating and braking of locomotives and cars
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Temperature effects such as thermal expansion and contraction of rails, and



Wave action in the rails.

2.4

Track Substructure Problem

According to Neil (1976) there are two forms of substructure failures, (i) failure
caused by soil slurry penetration (clay-pumping), (ii) failure caused by loss of
strength. Problems related to the subgrade could be avoided if the track is adequately
drained and the strength of the formation is reasonable. Lackenby (2006) stated that
the most three important problems associated with track substructure were:
differential track settlement, ballast degradation, and track fouling, and they are
presented in the following sessions.
2.4.1

Differential Track Settlement

Track settlement results from the rearrangement and reorientation of ballast
aggregates, as they tend to form a denser and more stable state. The ballast layer
contributes to over 50% of track settlement while the remaining settlement is
attributed to the sub-ballast and subgrade (Suiker 1997; Ionescu et al. 1998;
Indraratna et al. 2001). Figure 2.6 shows the contribution maded by the layers of
ballast, sub-ballast and subgrade to the total settlement of the substructure. When
settlement occurs differently along the track, it causes severe problems to track
stability (Gaskin and Raymond 1976; Selig and Waters 1994). Upon repeated traffic
loading, ballast aggregates experience continuous breakage, and while localised
lateral spreading of ballast also causes differential settlement.
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Figure 2.6 Contribution of ballast to track settlement, and the influence of tamping
(after Brown and Selig 1991)
2.4.2

Ballast Degradation

Gaskin and Raymond (1976) stated that the major deterioration and breakage of
ballast comes from induced train loading. In addition, Selig and Waters (1994) added
that the maintenance of ballast (e.g., tamping, transporting or handling) and weather
conditions, also contribute to ballast degradation. As breakage continues, the ballast
aggregates become smaller leading to fouling and decreased drainage as the pores of
the ballast are almost filled with small particles. As a result of crushing at one
location, the redistribution of local stress can result in degradation at a new location
(Sowers et al. 1965; Billam 1971). Moreover, under poor drainage conditions,
saturation of these small particles combined with pumped subgrade clay means that
any remaining excess pore pressure can threaten the overall stability of the track
(Indraratna et al. 2011a). Several quantitative methods of ballast degradation and
factors affecting ballast breakage are briefly reviewed as follows.
2.4.2.1 Quantifications of Ballast Breakage



Marsal (1967) was the first, among others, to introduce methods for
quantifying particle breakage. Marsal (1967) proposed an index of particle
breakage (

by utilising the initial and final particle size distribution (PSD)
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curves, determined the difference in percentage retained on each size
(∆
sieve size

, where,

are the percentages retained on the

before and after the test, respectively. Marsal (1967) defined the
as the sum of a positive ∆

breakage index


and

, expressed as a percentage.

Lee and Farhoomand (1967) proposed a breakage indicator to express the
amount of particle breakage by using a ratio for the initial size of 15 % for
particle



to a size of 15 % size after testing

.

Hardin (1985) utilised changes in PSD curves and proposed the relative
breakage index

/

, where,

and

are breakage potential and

total breakage, respectively. Lade et al. (1996) compared the above three
methods of particle breakage quantifications in graphical form, as illustrated
in Figure 2.7.

Figure 2.7 Various definitions of particle breakage (inspired by Lade et al. 1996)


Miura and O’hara (1979) proposed that changes in surface area (∆

of the

particles as an index to estimate particle breakage. This method is based on
the assumption that all particles are perfectly spherical and a new surface
could be produced as the particles were broken. The index ∆ has a lower
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limit of zero and no theoretical upper limit, which is often subjected to
criticism.


Jeffs and Tew (1991) suggested using the change of mean effective particle
size (

to quantify particle breakage. This was derived from a grading

modulus (

introduced by Hudson and Waller (1969) for road base

materials.


Recently, Indraratna et al. (2005) and Lackenby et al. (2007) introduced a
new Ballast Breakage Index (BBI) to specifically determine the breakage of
railway ballast. The calculation of BBI based on a change of the PSD of the
ballast before and after testing. The BBI can be calculated from Equation
2.14, where the parameter A and B are defined in (Figure 2.8). The BBI
method was adopted in this study as it simplified the calculation.
(2. 14)

Figure 2.8 Ballast Breakage Index (BBI) method of calculation (after Lackenby et al.
2007)
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Indraratna et al. (2005) and Lackenby et al. (2007) classified ballast breakage
subjected to cyclic loading into three zones: The Dilatant Unstable Degradation
Zones (DUDZ), Optimum Degradation Zone (ODZ), and Compressive Stable
Degradation Zone (CSDZ), as shown in Figure 2.9.

on
Figure 2.9 Effects of confining pressure and maximum deviator stress
,
on DUDZ, ODZ and
the ballast breakage index BBI, and the effect of
,
CSDZ breakage zones (modified after Lackenby et al. 2007)
26

2.4.2.2 Factors Affecting Ballast Breakage

Factors affecting the degradation of particles have long been the subject of debate.
Lee and Farhoomand (1967) stated that particle size,

angularity, PSD, and

magnitude of confining pressure affected particle breakage. They pointed out that
particles with a large particle size, high angularity and uniform gradation
experienced pronounced crushing. Marsal (1967) added to Lee and Farhoomand
(1967) that the average value of contact forces (stresses), the strength of the particles
at the contact points, and the number of contacts per particle also affected breakage.
However, Chrismer (1985) indicated that particle hardness, toughness, shape, and
resistance to weathering were the most important parameters influencing particle
breakage. Alternatively, Hardin (1985) stated that particle size, shape, effective stress
state and stress path, void ratio, hardness and moisture content, governed particle
degradation. Indraratna and Salim (2003) argued that the most significant factor
governing ballast breakage is the ability of its constituent particles to resist fracture.
Lackenby (2006) classified factors affecting particle breakage into three categories,
as shown in Table 2.5.
Table 2.5 Factors affecting particle breakage (adopted from Lackenby 2006)
Aggregate Properties

Particle Properties

Loading Properties

Specific gravity

Soundness

Loading
pattern/magnitude

Hardness

Particle shape

Confining pressure

Weathering resistance

Particle size

In-track depth

Mineralogical composition Particle size distribution

Train speed/frequency

Toughness

Ballast thickness

Surface roughness

Internal bonding

Initial density

Grain size

Degree of saturation
Number of cycles
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2.5

Ballast Fouling

During operation, ballast deteriorates due to the breakage of angular corners and
sharp edges, infiltration of fines from the surface, and mud pumping from the
subgrade under train loading. As a result of these actions ballast becomes fouled, less
angular, and its shear strength is reduced (Indraratna et al., 2005). Fouling materials
have traditionally been considered as unfavourable to track structure. The sources,
quantifications, and adverse effects of fouling are discussed in the following sections.
2.5.1

Sources of Ballast Fouling

Fouling is caused by a number of mechanisms associated with traffic loads and
various maintenance cycles, such as tamping, ballast-cleaning and reconstruction
processes. Selig and Waters (1994) stated that ballast can become fouled from
various sources and categorised them into five main groups, as given in Table 2.6.
These sources of fouling are also illustrated in Figure 2.10, and can be divided into
three main scenarios of fouling mechanisms. The first case is due to the degradation
of ballast, infiltration of fines dropped from wagons, and particles transported by
wind or water (Figure 2.10a). The second fouling mechanism is fine particles in the
layers of sub-ballast ( sand, crushable cinders or slag) that are degraded and injected
into the ballast under traffic loads ( Figure 2.10b). The third cause of ballast fouling
is subgrade pumping (Figure 2.10c) which is attributed to water mixing with particles
of subgrade (clay or soft soils) to form a clay slurry which pumps up through voids
in the overlaying ballast layer. To prevent this type of fouling, a layer of sub-ballast
with proper gradation or geosynthetics placed on top of the subgrade were
considered to be effective methods to prevent the formation of slurry by eliminating
any attrition of the subgrade and inhibiting the slurry from migrating into the ballast
voids (Selig and Waters 1994; Indraratna et al. 2011a).
Table 2. 6 sources of ballast fouling (Selig and Waters 1994)
I.

Ballast breaks down
a. Handling of ballast
i. At quarry
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ii. During transportation
iii. From dumping
b. Thermal stress from heating (desert)
c. Freezing of water in particles
d. Chemical weathering (including acid rain)
e. Tamping damage
f. Traffic damage
i. Repeated load
ii. Vibration
iii. Hydraulic action of slurry
g. From compaction machines
II.

Infiltration from ballast surface
a. Delivered with ballast
b. Dropped from trains
c. Wind blown
d. Water borne
e. Splashing from adjacent wet spots
f. Meteoric dirt

III.

Sleeper (tie) wear

IV.

Infiltration from underlying granular layers
a. Old track bed breakdown
b. Sub-ballast particle migration from inadequate gradation

V.

Subgrade infiltration
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(a)

(b)

(c)

Figure 2.10 Scenarios of ballast fouling mechanisms: (a) ballast breakage, sleeper
wear, and surface infiltration, (b) underlying granular layer infiltration, (c) subgrade
infiltration (modified after Selig and Waters 1994).
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According to Selig and Waters (1994), the breakdown of ballast, accounts for up to
76% of fouling, on average, 13% by infiltration from the sub-ballast, 7% by
infiltration from surface ballast, 3% by intrusion from the subgrade, and 1% from
wear on the sleepers (Figure 2.11). Additionally, extensive field and experimental
investigation conducted in North America (Klassen et al. 1987; Collingwood 1988;
Tung 1989; Selig and DelloRusso 1991) also concluded that the degradation of
ballast is reckoned as the major source of ballast fouling. This observation is
somehow contrary to popular belief in the rail industry that slurry of mud in ballast
originated from beneath the soft subgrade (Selig and DelloRusso 1991). In
Queensland, Australia however, on tracks used predominantly to transport coal,
Feldman and Nissen (2002) reported that coal dust accounts for 70%-95% of
contaminants and ballast breakdown contributes from 5% to 30%.

Figure 2.11 Comparison of various sources of ballast fouling (modified after Selig
and Waters 1994)
2.5.2

Quantifications of Fouled Ballast

There are several existing methods for quantifying the degree of ballast fouling, such
as the Fouling Index (Selig and Water, 1994), the Percentage Void Contaminant
(Feldman and Nissen, 2002), and the Relative Ballast Fouling Ratio (Indraratna et al.
2011c). The details of each method are further discussed in the following sections.
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2.5.2.1

Fouling Index or Percentage of Fouling

Selig and Waters (1994) proposed a Fouling Index (FI) parameter to quantify ballast
fouling based on gradations obtained from representative samples of ballast in North
America. Any particles found smaller than 9.5 mm were taken as representing
fouling materials. The Fouling Index was defined as a summation of percentage (by
weight) passing the 4.75 mm (No. 4) sieve and 0.075 mm (No.200) sieve, as given
below:
.

where,

(2. 15)

.
.

and

.

are percentages of ballast particles passing the number 4

sieve (4.75 mm) and number 200 sieve (0.075 mm), respectively.
Figure 2.12 illustrates the gradation representing the condition of ballast that can be
classified as fresh ballast (the bottom curve) to highly fouled ballast (the top most
curve). Based on the percentage of fouling for each sample measured from Figure
2.12, Indraratna et al. (2010c) plotted the linear relationship between the percentage
of fouling and Fouling Index together with the data reported by Tutumluer et al.
(2008), as shown in Figure 2.13
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Figure 2.12 Particle Size Distribution representing the condition of ballast from fresh
to fouled (modified from Selig and Waters 1994)

Figure 2.13 Relationship between the percentage of fouling and the Fouling Index
(adopted from Indraratna et al. 2010c)
To ascertain that a layer of ballast has good resilient characteristics and satisfies the
specifications for ballast (AS 2758.7, 1996; TS 3402, 2001), Ionescu (2004b)
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modified Selig’s Fouling Index to meet the Australian specifications for ballast, as
defined below:
.

where,

(2. 16)

.
.

and

.

are the percentages of ballast particles (by weight) passing the

4.75 mm sieve and 13.2 mm sieve, respectively.
Ionescu (2004b) proposed another Fouling Index (
particle size distribution (PSD) by using the ratio
degree of ballast fouling.

and

that considers the variation of
/

as criteria to quantify the

are directly measured from the PDS curve in

the field, therefore the data of ballast gradation for supplying fresh ballast is not
required. A more practical ballast fouling index, the Modified Fouling Index (

,

has been defined by Ionescu (2004b) as follows:
(2. 17)
where,

and

are the size of particle corresponding to 10% and 90% finer,

respectively.
2.5.2.2 Percentage Void Contaminant (PVC)

Feldman and Nissen (2002) proposed the Percentage Void Contaminant (PVC)
parameter to quantify fouled ballast by capturing the effect of a decrease in the voids
in ballast as defined:
(2. 18)
where,

= void volume between re-compacted ballast aggregates,

= total volume

of re-compacted fouling materials (passing the 9.5 mm sieve).
The volume of

is measured from samples of ballast composing the entire layer of

ballast, thus representing the actual volume of the void of the ballast layer in the
field. Indraratna et al. (2010a) commented that measuring the volumes of the
index is time consuming and the gradation of fouling materials cannot be considered.
If a sample of fouled ballast comprises more than one material and their particle size
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distribution is considerably different, the quantification of fouling by adopting
becomes less accurate. Indraratna et al. (2011c) suggested using the solid volume of
fouling materials instead of the total volume when determining the

index. They

also attempted to overcome the drawbacks of the Fouling Index and Percentage Void
Contaminant methods by introducing the Relative Ballast Fouling Ratio, as described
below.
2.5.2.3 Relative Ballast Fouling Ratio (

)

Indraratna et al. (2011c) proposed the Relative Ballast Fouling Ratio (

) as a

ratio between the solid volume of fouling materials (passing a 9.5 mm sieve) and
ballast aggregates (being retained on a 9.54 mm sieve), as given:
.
.

where,
subscripts

and

and

(2. 19)
are the dry weight and specific gravities, respectively, and the
correspond to the fouling material and ballast, respectively.

Equation 2.19 considers the specific gravity of fouling materials and ballast
aggregates, while considering the various types of fouling substances within the
ballast sample (e.g., coal fines, clay, mud or pulverised ballast). If the

index is

measured based on the solid volume of fouling materials, Indraratna et al. (2011c)
correlated the relationship between the
(

and

with the void ratio of ballast

as follows:
(2. 20)

Based on the existing fouling indexes and their relationships mentioned previously,
Indraratna et al. (2011c) reported that the categories of fouling severity for
indexes were obtained from those based on
(1994), and are summarised in Table 2.7.
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and

, as proposed by Selig and Water

Table 2.7 Categories of fouling based on the fouling index, percentage of fouling,
and relative ballast fouling ratio (Indraratna et al. 2011c)
Fouling index (Selig Percentage

Category

of Relative ballast

and Waters, 1994) fouling

fouling

(%)

(%)

(%)

Clean

<1

<2

<2

Moderately clean

1 to <10

2 to <9.5

2 to <10

Moderately fouled

10 to <20

9.5 to 17.5

10 to <20

Fouled

20 to <40

17.5 to <34

20 to <50

Highly fouled

40

34

50

2.5.2.4

Void Contaminant Index (

ratio

)

Considering the free draining capacity of ballast material associated with the large
void spaces in the ballast matrix, Indraratna et al. (2010a) proposed a Void
Contaminant Index (VCI) incorporating the effect of the void ratio, specific gravity,
and gradation of ballast and fouling materials to quantify ballast fouling, as defined
by:
.
.

100

(2. 21)

where e f = void ratio of fouling material, e b = void ratio of fresh ballast, G s .b =
specific gravity of ballast, G s . f = specific gravity of fouling material, M f = dry mass
of fouling material, M b = dry mass of fresh ballast.
The advantage of Equation 2.21 is that it includes different types of fouling materials
such as coal, mud, or pulverised ballast and incorporates their respective specific
gravities. For this advantage, the Void Contaminant Index (VCI) is used in this
research to quantify ballast fouling.
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2.5.3

Effect of Ballast Fouling

The fouling process prevents the ballast from fulfilling its functions as presented in
Session 2.2.1.1, in creating a number of adverse effects on ballasted rail tracks. The
extent to which fouling affects the performance of ballast depends on the degree of
fouling as well as characteristics of the fouling materials. The presence of fine gravel
and coarse sand may increase the shear strength and stiffness provided that the
particles of ballast still remain in contact with each other, whereas the presence of
plastic fines may decrease them (Selig and Waters 1994). Raymond (1978) stated
that if fouled ballast had to be used, the liquid limit of the plastic fines should be
lower than 25 in order to sustain the drainage capability of ballast.
2.5.3.1 Effects of fouling on ballast deformation

Budiono et al (2004) conducted a series of monotonic and cyclic tests of ballast
fouled with coal, using a large rigid cylinder to investigate how the coal dust affected
on the permanent settlement and stiffness of the ballast. The results measured from
the monotonic loading tests indicated that the effect of coal fouling on the settlement
of fouled ballast depends on the levels of confining pressure. At a low pressure coal
fouling appeared to have no effect on the settlement. For a given fouling level
18%, the settlement of fouled ballast was only affected by fouling at high

confining pressures, where it showed a higher settlement than fresh ballast. The
effects of coal fouling on the stiffness of ballast were also studied by cyclic tests of
fresh and fouled ballast at

18% and 55%. The laboratory results indicated

that at initial load cycles (up to 3 cycles) the pressure/settlement slopes (stiffness) of
fouled ballast were greater than fresh ballast, but as the load cycles increased, the
fouled ballast exhibited a lower stiffness than fresh ballast.
Han and Selig (1997) conducted laboratory experiments to study the effects of
various types and levels of fouling materials and water content on the settlement of
the ballast bed using a “Ballast Box Test” subjected to repeated surface loading.
Fouling materials tested in this study were silt, clay and sand, mixed with ballast by a
controlled proportion of total sample weight to various levels of fouling ranging from
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0% to 40%. The laboratory results of the settlements of ballast fouled by silt, clay,
and sand at moisture contents varying from dry to moist and a wet state, are shown in
Figure 2.14. Han and Selig (1997) concluded that when the degree of fouling was
less than 20%, moist clay-fouled ballast exhibited the largest settlement, but when
the level of fouling was higher than 20%, the moist silt-fouled ballast experienced
more settlement than moist clay. They attributed these observations to the resistance
to cohesion that developed in the compacted clay fouling material when it was higher
than 20%, compared to silt.

Figure 2.14 Effects of types and degrees of fouling materials on settlement of ballast
(modified after Han and Selig 1997)
The effect that the water content of fouling materials has on ballast settlement were
also investigated, and results are presented in Figure 2.15. Han and Selig (1997)
concluded that the water content of fouling materials significantly affects the
settlement of fouled ballast. The test results indicated that settlement increased
significantly as the water content and degree of fouling increased, particularly for
wet clay. This is justified by the fact that wet clay has low density and strength, thus
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an increased amount of wet clay is need to fill a major proportion of the voids in
ballast, separate the ballast aggregates and lubricate them. As a result, this will lead
to a progressive shear failure of ballast due to segregation and a substantial increase
in settlement.

Figure 2.15 Effects of water content on settlement of ballast (modified after Han and
Selig, 1997)
2.5.3.2 Effects of fouling on ballast shear strength

The effects of fouling on the shear strength of ballast largely depend on the types of
fouling materials. Han and Selig (1997) showed that the shear strength and stiffness
of ballast will increase if it is fouled with sand or fine gravel, provided that the
ballast still remains undisturbed. Conversely, other fouling materials including coal
fines, clay, and silt, can cause severe problems to ballast. These fouling materials
decrease the voids and reduce the drainage capacity, and hence increase the
possibility of shear strength failure associated with excessive deformation of the
ballast. The adverse effect of water is more severe because it mixes with the fines to
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form abrasive slurry that facilitate the ballast aggregate to displace excessively and
reduce its shear strength (Selig and Waters 1994). This observation is in agreement
with the results reported by Budiono et al. (2004) that coal dust adversely affects the
strength and stiffness of track structures. As fouling increases, the stiffness of the
ballast is significantly reduced. When the amount of fouling materials becomes
excessive, fine particles can govern the ballast behaviour and ultimately cause the
track to become unstable.
Huang et al. (2009a) conducted a series of large-scale direct shear tests with fresh
ballast and ballast fouled by coal dust, plastics clayey soil, and mineral filler, at
varying degrees, to study the effects of fouling materials on the shear strength of the
ballast. The results of the shear strength of coal-fouled ballast are presented Figure
2.16. The results indicated that as the percentage of fouling increases, the shear
strength of the fouled ballast steadily decreases. Huang et al. (2009a) also showed
there was a similar trend for samples of ballast fouled by clay or mineral filler. Based
on laboratory results, they indicated that coal dust was the worst fouling material
because it drastically reduced the shear strength of the ballast, and when wet it
significantly reduced the shear strength compared to those fouled with dry coal dust
(Figure 2.17).
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Figure 2.16 Direct shear test results of samples of ballast fouled with coal dust
(adopted from Huang et al. 2009)

Figure 2.17 Comparisons of shear strength envelopes between three fouling materials
under wet conditions (adopted from Huang et al. 2009)
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2.6

Factors Affecting the Deformation of Ballast

Under induced traffic loading, railway ballast aggregates experience numerous
micromechanical processes (e.g., slip, sliding, rotation and rolling) take place which
eventually leads to deformation. There are various factors governing ballast
deformation under static and cyclic loading conditions (Lekarp et al. 2000;
Indraratna and Salim 2005; Lackenby 2006). This section reviews the influences of
that loading amplitude, frequency, number of load cycles, confining pressure,
particle breakage and characteristics, have on the deformation of ballast.
2.6.1

Effects of Loading Amplitude

It is well documented that the amplitude of loading has a significant effect on the
permanent deformation of granular materials under dynamic loading (Raymond and
Davies 1978; Alva-Hurtado 1980; Stewart 1986; Ionescu et al. 1998; Suiker 2002;
Indraratna and Salim 2005), among others. Stewart (1986) conducted a series of
cyclic triaxial tests subjected to varying load amplitudes and concluded that
permanent strain in the first cycle increased significantly with an increase in the
amplitude of the load, as given in Figure 2.18. Ionescu et al. (1986) also presented
similar findings in their laboratory testing. Suiker et al. (2005) investigated the
influence of cyclic load on the behaviour of ballast, and proposed a cyclic load
amplitude
⁄

,

ratio

,

⁄

⁄ ⁄

,

,

where

⁄

and

are the cyclic stress ratio and the maximum static stress ratio,

respectively. They reported that at low cyclic stress levels (

0.82 , the permanent

deformation rate is negligible, as shown in Figure 2.19.
Lackenby et al. (2007) conducted a series of cyclic triaxial tests for railway ballast
subjected to varying load amplitudes and concluded that the axial strain increased
with an increase in the maximum load amplitude,

,

. They also observed that

axial strain almost stabilised after 10,000 cycles, which they specified as a
shakedown level for ballast (Figure 2.20).
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Figure 2.18 Effect of cyclic load amplitude on deformation of ballast, (a) test load
amplitude, and (b) ballast strain (modified after Stewart 1986)
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Figure 2.19 Effect of cyclic stress level on ballast strain (modified after Suiker et al.
2005)
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Figure 2.20 Effect of loading amplitude on ballast axial strain (adopted from
Lackenby et al. 2007)
2.6.2

Effects of Loading Frequency

Shenton (1984) conducted a series of cyclic loading experiments under frequencies
ranging from 0.1 to 30 Hz while keeping the other loading factors such as the
confining pressure and loading amplitude unchanged. Shenton (1984) concluded that
the loading frequency had almost no influence on the deformation of ballast, as
shown in Figure 2.21. Suiker (1997) investigated the influence of saturation on
granular materials and concluded that the loading frequency only affects saturated
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materials that are attributed to the flow of pore water. When railway ballast becomes
fouled, drainage can be impeded and the viscous effect may become important.

Figure 2.21 Effect of loading frequency on ballast strains (adopted from Shenton
1984)
Luo et al. (1996) studied the dynamic behaviour of ballast subjected to various
vehicle speeds and reported that the displacement of ballast occurred in three
different zones, depending on the speed of the vehicle, as depicted in Figure 2.22. It
is seen that displacement increases considerably in a speed zone of 180-300 km/h,
while in the other two zones (<180 km/h and > 300 km/h) the increase in
displacement is not significant.
Kempfert and Hu (1999) conducted in-situ investigations of dynamic forces induced
by train speeds up to 400 km/h. They concluded that a speed up to 150 km/h the
influence on vertical stress was insignificant, which agrees with the findings reported
by Shenton (1975). However, there was a linear increase in dynamic stress as the
speed increased from 150 km/h to 300 km/h (Figure 2.23). As the speed increases
beyond 300 km/h, the influence of speed on dynamic stress becomes marginal. These
filed observations seem to be consistent with the numerical results drawn by Luo et
al. (1996).
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Figure 2.22 Response of displacement (maximum value) (adopted from Luo et al.
1996)

Figure 2.23 Effects of train speed on dynamic stresses (adopted from Kemfert and
Hu 1999)
2.6.3

Effects of the Number of Load Cycles

The influence of the number of load cycles on the plastic deformation of granular
materials and railway ballast have been studied extensively (Olowokere 1975;
Raymond and Williams 1978; Alva-Hurtado 1980; Brown and Selig 1991; Suiker
2002; Indraratna and Salim 2003; Suiker and de Borst 2003; Salim 2004; Lackenby
2006), among others. They conducted cyclic triaxial tests on ballast and concluded
that the ballast strain at the initial cycle was significant and then it decreased for the
subsequent load cycles. Raymond et al. (1975) reported that both axial and
volumetric strains of ballast exhibited a linear relationship with the logarithm of load
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cycles, irrespective of the loading amplitude, as shown in Figure 2.24. Shenton
(1984) analysed track settlement data from other researchers and found that the
settlement might be approximately estimated based on a linear relationship with the
logarithm of load cycles. Recently, Indraratna and Salim (2005) conducted a series of
prismoidal triaxial tests for fresh and recycled ballast, and then stated that settlement
can be expressed linearly with the logarithm of load cycles, as given below:
. ln

where,

is the ballast settlement,

(2. 22)
is the number of load cycles,

and

are the

empirical constants. The results of the settlement of both fresh and recycled ballast
under dry and wet conditions, and with and without the inclusion of geosynthetics,
are shown in Figure 2.25.

Figure 2.24 Effects of load cycles on axial and volumetric strains (modified after
Raymond et al. 1975)

48

Figure 2.25 Settlement of fresh and recycled ballast plotted in semi-logarithm scale:
(a) dry specimens, (b) wet specimens (adopted from Indraratna and Salim 2005)
2.6.4

Effects of Particle Breakage

The breakage of ballast facilitates settlement has been attributed to a decrease in the
void space of the ballast matrix (Stewart 1986). Selig and Waters (1994) indicated
that cyclic loading forces smaller aggregates to move into the voids between the
larger grains of ballast, which increases cyclic densification increases and hence, the
permanent settlement. Indraratna et al. (2005) conducted a series of large-scale
triaxial tests to study the effect that ballast breakage has on deformation. They
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observed that the change in volumetric strain with ballast breakage can be expressed
by:
(2. 23)
where,

is the percentage volumetric strain,

latite basalt,

=1.73 and

10.0 with

and

are empirical constants (for

> 0.98), and BBI is the ballast breakage

index. Recently, Thakur et al (2010) applied the Discrete Element Method (DEM) to
study the effects of breakage and associated ballast deformation subjected to cyclic
loading. They observed that particle breakage has a pronounced influence on the
deformation of ballast.
2.6.5

Effects of Particle Characteristics

Dunlap (1966) showed that the permanent strain decreases if a change in grading
exhibits an increase in the relative density of the assembly for the same given
compaction effort. Raymond and Diyaljee (1979) observed that well-graded ballast
exhibits lower settlement compared to single size ballast, as presented in Figure 2.26.
Janardhanam and Desai (1983) carried out triaxial tests on three different materials,
one with normal ballast gradation and two with materials that were scaled down in
size. They observed that the resilient modulus and shear behaviour were influenced
by the gradation of the particles, and thus the volumetric behaviour was affected
considerably. Thom and Brown (1988) conducted repeated triaxial load tests on
crushed dolomitic limestone at various gradations and levels of compaction. They
showed that the non compacted specimens with a uniform grading exhibited the least
permanent strain, but when the specimens were heavily compacted, their resistance
to plastic strain was similar for all gradations. Later, Jeffs and Tew (1991) conducted
laboratory tests and also observed that the gradation of particles has a significant
influence on the deformation of the track.
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Figure 2.26 Effects of gradation on the vertical strains of ballast under cyclic loading
(modified after Raymond and Diyaljee 1979)
2.6.6

Effects of Confining Pressure

The effects of confining pressure on the behaviour of granular materials have been
investigated by many researchers (Marsal 1967; Barksdale 1972; Marachi et al.
1972; Olowokere 1975; Raymond and Davies 1978; Miura and O-hara 1979; Charles
and Watts 1980; Barton and Kjaernsli 1981; Indraratna et al. 1993; Lackenby et al.
2007; Indraratna et al. 2011a). Barksdale (1972) observed that for a given deviator
stress, the permanent deformation of granular materials decreases considerably with
an increase of confining pressure. Conversely, Olowokere (1975) conducted triaxial
tests and found that for a given stress difference factor, the permanent deformation of
ballast at a specific density increases with increased confining pressure. Knutson
(1976) observed that the accumulation of plastic strain is not only dependent on the
repeated deviator stress but also on the confining pressure. Alva-Hurtado (1980)
reported that the confining pressure affects the development of permanent strain at
high stress ratios but at low stress ratios the influence of confining pressure is
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insignificant. However, Indraratna et al. (2001) showed that railway ballast should be
tested at a relatively low confining pressure to mimic field conditions.
Recently, Lackenby et al. (2007) investigated the behaviour of railway ballast using
large-scale triaxial apparatus. By plotting the final axial and volumetric strains of
ballast they observed that while the final axial strain is inversely proportional to the
confining pressure (Figure 2.27a), the final volumetric strain continues to increase at
a declining rate with an increasing number of load cycles, as shown in Figure 2.27b.
These findings are in agreement with the results reported by Barksdale (1972).

Figure 2.27 Effect of confining pressure on the deformation of ballast, (a) final axial
strain and, (b) final volumetric strains (modified after Lackenby et al. 2007)
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It is clear that the confining pressure plays an important role in the stability of
ballasted rail track because of the excessive deformation associated with the
decreasing degree of confinement (Indraratna et al. 2011a). Several practical
methods of increasing track confinement have been proposed such as: reducing the
spacing of sleepers, increasing the height of shoulder ballast, widening the sleepers at
both ends, and including a geosynthetic layer at the ballast/sub-ballast interface
(Indraratna et al. 2004). The application of geosynthetics for reinforcing and
stabilising the ballasted track is reviewed in the following session.
2.7

Use of Geosynthetics in Ballasted Rail Track

Geosynthetics have been widely and successfully used in rail tracks and track
rehabilitation worldwide for more than 25 years (Kwon and Penman 2009). British
railways conducted full-scale tests of railway track reinforced by geosynthetics and
reported that a soft subgrade causes a detrimental effect on track durability and the
installation of geosynthetics in ballast significantly improve its stability (Bowness
and Powrie 2003). Fluet (1986) showed that in North America the use of geogrid in
rail tracks can be considered as a ‘standard practice’ for construction and
rehabilitation. Göbel et al. (1994) reported that geogrids can reduce settlement and
recommended teir incorporation into the German rail track design due to their
reinforcing effect. In Australia, the application of geosynthetics for improving
ballasted rail tracks has proved to be cost effective in reducing lateral movement of
ballast particles and further reducing any permanent deformation (Indraratna et al.
2009b). The following section will further review the use of geosynthetics in
ballasted rail tracks.
2.7.1

Types and Functions of Geosynthetics

The materials used to manufacture geosynthetics are polymeric, with a very high
molecular weight, and have found multifarious applications in our present society. .
According to Koerner (2005) there are eight types of geosynthetics: (1) geotextiles,
(2) geogrids, (3) geonets, (4) geomembranes, (5) geosynthetics clay liner, (6)
geopipe, (7) geofoam, and (8) geocomposites. The primary functions of each type of
geosynthetics are described in Table 2.8. For specific rail track applications, as
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shown by Fluet (1986), geosynthetics perform four major functions as given in Table
2.9. Although there are many types of geosynthetics, geogrids are of interest to this
study because of their capacity to improve the performance of track substructure.

Table 2.8 Identification of the common primary functions for each type of
geosynthetic (adopted from Koerner 2005)
Type

of Primary Function

Geosynthetic

Separation

Reinforcement

Fitration

Drainage

Geotextile









Containment



Geogrid



Geonet
Geomembrane



Geosynthetic



clay liner


Geopipe
Geofoam



Geocomposite











Table 2.9 Functions and properties of geosynthetics used for rail tracks (adopted
from Fluet 1986)
Classical

Railroad function

Relevant geosynthetic

function
Transmission

properties
Transmits

water

from Transmissivity (the

precipitation and/or pumping product of lateral
through plane of geosynthetic permeability and
to edge of track
Filtration

Allows

passage

thickness)
of

water Permeability

pumped from subgrade while Retention characteristics
retaining fines in subgrade
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Clogging resistance

Separation

Acts as a barrier and prevents Retention characteristics
intermixing of ballast and Resistance to concentrated
sub-ballast/subgrade

stresses (i.e. tear,
puncture, burst)

Reinforcement

Reinforced

ballast,

may Geosynthetic soil/ballast

reinforce subgrade and track

interaction
Tensile modulus
Tensile strength

For ballasted railway tracks in particular, geogrids are generally used for
reinforcement, which is provided by the tensile strains developed in the geogrids and
the interlocking effect between the geogrids and surrounding particles of ballast.
There are several types of geogrids depending on the manufacturing process and how
the longitudinal and transverse elements are joined together (Shukla and Yin 2006).
Extruded geogrids are manufactured from polymer sheets and then a punching
machine punches out holes to form a geogrid opening known as aperture. Bonded
geogrids are produced by bonding the mutually perpendicular PP or PET strips
together at their junctions using either laser or ultrasonic welding. Woven geogrids,
on the other hand, are manufactured by weaving or knitting polyester multifilaments. The main feature of all geogrids is that the apertures, which are the
openings between the adjacent transverse and longitudinal ribs, are large enough to
allow granular aggregate interlocking, or strike-through (Koerner 2005).
2.7.2

Geogrid Reinforcement Mechanism

Jewell et al. (1984) studied the mechanisms of soil and geogrid interactions using
large-scale shear box testing. By measuring the peak shear forces and sliding
resistance of various gradations of soil, they reported that the relative size of particles
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and its gradation compared to the geogrid aperture influenced the geogrid-soil
interaction. This finding therefore, created a foundation for understanding the
mechanism of geogrid reinforcement which was governed by the type of geogrid for
a given particle gradation. The reinforcement mechanism between geogrid and
railway ballast is governed by the interlocking effect attributed to the ballast particles
partially penetrating through the apertures in the geogrid (Coleman 1990; Konietzky
et al. 2004; McDowell and Stickley 2006). Having incorporated geogrids within a
ballast layer or at the interface of the ballast and sub-ballast, geogrids interact with
the surrounding particles to carry the tensile loads induced by rail vehicles. Through
the interlocking and shear interaction between the ballast and geogrids (Figure 2.28),
the ballast particles are restrained laterally and tensile forces are transmitted from the
ballast to the geogrids. The vertical load applied through the ballast aggregates above
the geogrid can now generate tensile resistance in the ribs with very small deflection.
As the geogrids are much stiffer in tension than the ballast, lateral stress in the
geogrid-reinforced ballast is decreased and reduced settlement can be observed
(Indraratna et al. 2005). This interaction between the geogrid and ballast aggregates
increases the shear strength (Indraratna et al. 2011b) and thereby increases the load
distribution capacity of track substructure, as reported by Kwon and Penman (2009)
and shown in Figure 2.29.

Figure 2.28 Sketch of the interlocking mechanism of (modified after Tensar (2006)
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Figure 2.29 Load distribution with and without geogrid reinforcement (adopted from
Kwon and Penman 2009)
2.7.3

Ballast - Geosynthetics Interaction

The interaction between geosynthetics and coarse-grain soils has been studied
extensively (Cancelli et al. 1992; Bergado et al. 1993; Ragui et al. 1994; Ochiai et al.
1996; Abu-Farsakh and Coronel 2006; Moraci and Recalcati 2006; Teixeira et al.
2007; Tang et al. 2008; Liu et al. 2009; Sieira et al. 2009; Tanchaisawat et al. 2010),
among others. However, there is limited comprehensively reported literature on the
interaction between the geosynthetics and railway ballast (Gurung 2003). Bathurst
and Raymond (1987) carried out a series of large-scale models comprising a single
sleeper/ballast system reinforced with geogrids that were inserted at different depths
and placed over artificial subgrade of varying compressibility, and then subjected to
cyclic loading. The main objectives of this study were to investigate the effects of
geogrid, and how its location and placement affected the deformation of ballast. All
the tests were conducted to a peak load of 85 kN (equivalent to the sleeper bearing
pressure = 370 kPa) and loading frequencies ranging from 0.5 Hz to 3 Hz. The
laboratory results indicated the benefit attributed to the inclusion of geogrids at a
given depth within the specimen of ballast, as shown in Figure 2.30. It was observed
that the placement of geogrid at depths (Dr) = 50, 100, and 150 mm below the
sleeper reduced permanent deformation compared to unreinforced ballast.
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Figure 2.30 Accumulated permanent deformation of ballast placed on flexible
support (modified after Bathurst and Raymond 1987)
Walls and Galbreath (1987) carried out a case study on the use of polymer geogrid to
reinforce ballast for a 2000 m track near Milstead, Alabama. They concluded that the
inclusion of geogrids was an effective and economical method to minimise or
prevent track stability issues. The inclusion of geogrid within the ballast layer
reduced the lateral and vertical deformation of ballast, which was attributed to the
ballast particles interlocking and being confined by the geogrid. A series of largescale prismoidal triaxial tests was conducted by Indraratna et al. (2005) on fresh and
recycled ballast reinforced by geosynthetics, both in dry and wet condition, to
investigate the effect of geosynthetics on ballast settlement. Figure 2.31 presents
comparisons of the settlement of fresh and recycled ballast with and without the
inclusion of geosynthetics. It was observed that ballast reinforced by the
geocomposite (geogrid bonded with non-woven geotextiles) exhibited the least
settlement compared to the other types of geosynthetics. They attributed this
observation to the geosynthetics preventing the fines moving up from the sub-ballast
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and subgrade layers of the geotextiles, thus keeping the ballast layer relatively clean
and increasing the interlock between the ballast and geogrid.

Figure 2.31 Settlement of fresh and recycled ballast under cyclic loading, (a) in dry
condition, and (b) in wet condition (modified after Indraratna et al. 2005)
Fernandes et al. (2008) conducted experiments in a segment of real track on the
Vitoria-Minas railway, Brazil, to evaluate the potential use of geosynthetics as
reinforcement in ballasted rail tracks. They placed strain gauges at six test sections
on the track and monitored the results over a period of 2 years. The results indicated
that the inclusion of geosynthetics decreases the strains mobilised in the sub-ballast
and reduced ballast breakage. Göbel et al. (1994) carried out laboratory model tests
on railway sub-base reinforced with geogrid. The experimental results revealed that
the installation of geogrid can increase the load bearing capacity and decrease
settlement. Similar tests were conducted by Atalar et al. (2001), Raymond (2002),
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and Shin et al. (2002), who also observed the beneficial effects of geogrid
reinforcement in decreasing the deformation of track.
Recently, Indraratna et al. (2010b) carried out field tests on an instrumented track at
Bulli, New South Wales, Australia, to investigate the effects of geocomposite placed
at the ballast/sub-ballast interface to reinforce both fresh and recycled ballast. A
schematic diagram of the instrumentation placed in the real track is depicted in
Figure 2.32 . The vertical and lateral deformation of the track was monitored for 17
months and the results are presented in Figure 2.33. It was observed that the
installation of geocomposite decreases both the vertical deformation (Sv)avg and
lateral deformation (Sh)avg of fresh and recycled ballast. More significantly, they also
indicated that the recycled ballast reinforced by geocomposite experiences a reduced
lateral deformation compared to unreinforced fresh ballast, which suggested a
reduced amount of crib and shoulder ballast would be required during maintenance.

Figure 2.32 Schematic diagram showing the installation of: (a) settlement transducers
and displacement transducers; (b) vertical and horizontal pressure cells (adopted
from Indraratna et al. 2010b)
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Figure 2.33 (a) Average vertical deformation (Sv)avg and average vertical strain
( avg ; (b) average lateral deformations (Sh)avg and average lateral strain ( avg of
the ballast layer
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2.7.4

Parameters Affecting Ballast-Geogrid Interaction

Although geogrids have been used to reinforce ballasted rail tracks since the early
80’s, the key parameters affecting the reinforcing action have not been well
established. Bathurst and Raymond (1987) conducted large-scale cyclic tests for
geogrid-reinforced ballast placed on supports with different compressibility and
reported that where the geogrid was placed within ballast, and the compressibility of
the support also affected the interaction between the ballast and the geogrid, as
shown in Figure 2.34.

Figure 2.34 Influence of support compressibility on permanent deformations
(adopted from Bathurst and Raymond 1987)
Brown et al (2007) conducted a series of full scale experiments using the Composite
Element Test (Figure 2.35) to study the influence of the geogrid parameters
considered of importance to the interaction between the geogrid and ballast. Several
types of geogrids with various size apertures and tensile strengths were used. All the
tests were subjected to a cyclic load of 20 kN at a frequency of 2 Hz, and up to
30,000 load cycles. The results indicated that the geometry of geogrid, and its
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stiffness, cross-sectional shape of the rib and its strength at junctions, are all affected
by interaction at the ballast-geogrid interface.

Figure 2.35 Schematic of the Composite Element Test (adopted from Brown et al.
2007)
Figure 2.36 shows the ballast settlements of two geogrids having the same tensile
strength but with 38 mm and 65 mm size aperture, compared to data for unreinforced
ballast. Here the ballast reinforced by the geogrid with 65 mm apertures shows the
least settlement and the geogrid with 38 mm apertures experiences some
improvements compared to unreinforced ballast. Further tests of geogrid with
apertures ranging from 32 mm to 100 mm were also conducted to study how the size
of the aperture influences ballast settlement. The results are shown in Figure 2.37,
and indicate that for a given gradation of ballast tested, the optimum size aperture of
geogrid to obtain minimum settlement ranged from 60 mm to 80 mm. This
observation was in good agreement with the results reported by McDowell et al.
(2006), who stated that the ratio between the size of the geogrid aperture and the
nominal size of the particle should be 1.4 to produce optimum results in terms of
peak shear resistance mobilised at the smallest displacements.
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Figure 2.36 Effect of the size of geogrid aperture on ballast settlement (modified
after Brown et al. 2007)

Figure 2.37 Effect of the size of geogrid aperture on ballast settlement (after Brown
et al. 2007)
The effect of the tensile strength of geogrid on the settlement of ballast was also
examined by Brown et al (2006). They used the Composite Element Test apparatus
for ballast reinforced by geogrids with tensile strengths ranging from 15 kN/m to 45
kN/m, and also with steel mesh with 65 mm apertures. A comparison of ballast
settlement for each case is shown in Figure 2.38, including the results of ballast
specimens reinforced by steel mesh. The graph indicates that the 15-65 geogrid
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(tensile strength=15 kN/m and aperture = 65 mm) provides the least improvement
and the improvement offered by the 45-65 geogrid (tensile strength=45 kN/m and
aperture = 65 mm) is comparable to the steel mesh, towards the end of the test. They
also mentioned that the cross-section of the geogrid ribs were rectangular, whereas
those for steel mesh were circular, and it was reported that the shape of rib was
possibly a parameter affecting interaction between the geogrid and the ballast.

Figure 2.38 Ballast settlement against load cycles for various 65 mm nominal
aperture geogrids (modified after Brown et al. 2006)
Recently, Indraratna et al. (2012) conducted a series of large-scale direct shear tests
for a average size particle of ballast (d50) of 35 mm, reinforced by seven geogrids
with apertures varying from 20.8 mm to 80 mm, to investigate how the size of the
aperture affects the shear behaviour at the ballast-geosynthetics interfaces. A
schematic of the ballast aggregate-aggregate interlock and ballast aggregate-geogrid
interlock is shown in Figure 2.39. The laboratory results indicated that the shear
strength at the interface was governed by the size of the geogrid aperture. They
adopted an interface efficiency factor (), defined by Koerner (1998), to evaluate the
improvement of shear behaviour at the geogrid-reinforced ballast interface, where the
efficiency factor () at the interface is given by:
(2. 24)
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is the apparent friction angle of the interface and

where,

is the friction angle of

the soil.

Figure 2.39 Particle-particle interlock and interlocking of particles in panel (a)
unreinforced ballast and (b) geogrid-reinforced ballast (adopted from Indraratna et al.
2012)
The interface efficiency factors () of ballast reinforced by different geogrids, and
plotted with ratios (Ag/d50) of geogrid aperture size (Ag) to the average size particle of
ballast (d50), are shown in Figure 2.40. Here the value of  depends on the ratio of
Ag/d50 until it reaches a maximum value of 1.16 at Ag/d50 of 1.21, followed by a
gradual decrease towards unity as the ratio of Ag/d50 reaches 2.5. Furthermore, the
value of  is less than unity (i.e., unreinforced ballast specimen) for the ratio of
Ag/d50 < 0.95, and when Ag/d50 > 0.95, the value of  is greater than unity. This
observation can be attributed to the geogrids and ballast aggregates interlocking,
where  < 1 shows an ineffective interlocking and  > 1 represents an acceptable
interlocking. Based on data presented in Figure 2.40, Indraratna et al. (2012)
classified the ratio of Ag/d50 into three main zones, as given by:


Feeble interlock zone (FIZ): when Ag/d50 < 0.95 the ballast-geogrid interlock
is weaker than the aggregate-aggregate interlock observed without geogrid.
This is because the ballast-geogrid interlock is mainly attributed to smaller
aggregates alone (<0.95 d50) when compared to the aggregate-to-aggregate
interlock considered for all sizes. In this zone they observed an insignificant
ballast breakage after tests, suggesting that failure at the interface is caused
by a loss of the ballast-geogrid interlock during shearing.
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Optimum interlock zone (OIZ): when Ag/d50 varied from 0.95 to 1.20, the
interlocking of larger ballast aggregates with geogrid occurs, resulting in an
increased value of  until it reaches a maximum value of 1.16 at an optimum
Ag/d50 ratio of 1.20. They observed after the tests that there was a lot of
broken ballast at the interface, which indicated that failure at the interface
stemmed from the breakage of initially interlocked ballast.



Diminishing interlock zone (DIZ): when Ag/d50 >1.2, the value of  in this
zone is greater than unity, but then decreases with an increase in the ratio
Ag/d50 , showing reduced interlocking. They indicated that the reduction of 
may be attributed to the amount of ballast trapped within a given aperture
which can displace itself freely, as the unreinforced case.

Ag/d50
Figure 2.40 Interface efficiency factor () versus Ag/d50, a dimensionless parameter
(adopted from Indraratna et al. 2012)

67

2.8

Chapter Summary

This chapter presents a literature review of railway ballast reinforced by
geosynthetics subjected to fouling conditions. Ballast is a free draining granular
material usually comprised of natural or crushed strong angular particles placed as
the top layer of a track substructure. The main functions of the ballast layer are to
distribute and transfer load to the underlying sub-layers at a reduced level of stress
and facilitate rapid drainage. To perform the above functions properly, ballast must
meet certain specifications such as particle shape, size, hardness, gradation,
angularity, and strength etc.
A number of experimental tests have been carried out to investigate the behaviour of
ballast subjected to static and cyclic loadings. The effect of the degradation of
ballast, quantifications of its breakage, and factors affecting this breakage were
explored. This chapter is followed by reviewing of the effect of ballast fouling,
sources and quantifications of fouling, and factors affecting the deformation of
ballast. The use of geogrids in ballasted rail tracks and factors affecting the geogridballast interaction were also critically reviewed and discussed.
It is seen from the literature review that fouled ballast has an adverse effect on the
performance of ballast and in some severe cases fouling may lead to unstable tracks.
It is believed that the interaction mechanism between the ballast aggregates and
geogrids were also affected by fouling materials. However, a study of the interaction
between geogrid and ballast and the influence of coal fouling material on this
interaction is limited. Therefore, this research will study the interface between
geogrid and ballast under various coal fouling conditions, while subjected to static
and cyclic loading, using a series of large-scale direct shear apparatus and a novel
Track Process Simulation Apparatus (TPSA) designed and built at the University of
Wollongong. Furthermore, owing to the discrete nature of ballast particles,
continuum modelling through finite element or finite difference methods is no longer
realistic. Therefore, the Discrete Element Method (DEM) will be used to model the
behaviour of fresh and coal-fouled ballast reinforced by geogrid, to capture the
micro-mechanical behaviour of fouled ballast, such as the contact force distributions,
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particle displacement vectors, and the magnitude and number of particle-to-particle
contacts which cannot be measured experimentally. These micro-mechanical
observations also explain the underlying mechanism of ballast breakage measured in
laboratory. The literature review relevant to the DEM is presented in the Chapter 5.
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3
3.1

LABORATORY INVESTIGATION

Introduction

Laboratory investigation is the most commonly used and effective methods to
simulate field conditions that are generally expensive to implement. Its advantages
are the availability of experimental equipment and the possibility to model and
control different loading conditions. This chapter presents details of laboratory
investigation used in this research to study shear stress-strain, and degradation
behaviour of fresh and coal-fouled ballast with and without the biaxial geogrid
subjected to both static and cyclic loadings. Given the requirement for testing large
granular material of railway ballast, a series of large-scale direct shear tests and
novel Track Process Simulation Apparatus (TPSA) designed and built at the
University of Wollongong were used to simulate realistic rail track conditions
subjected to various levels of coal fouling. Ballast samples were subjected to a low
range of confining pressures to simulate field conditions currently existing in
Australia. The details of the large-scale direct shear box and the Track Process
Simulation Apparatus (TPSA) including testing materials, sample preparation
methods, testing procedure, are shown in subsequent sections.
3.2
3.2.1

Large-scale Direct Shear Test
Characteristics of the Ballast and Geogrid

The recommended particle size distribution of ballast proposed by Indraratna and
Salim (2005) with a mean particle size of d50=35mm was used for Australian rail
tracks. Using parallel gradation, the maximum size of the laboratory tested latite
ballast was 40mm and this size was small enough to avoid the boundary effect.
Particles of ballast were sieved, weighed, and mixed thoroughly to capture the
parallel grain size distribution presented in Figure 3.1. This grading conformed to the
gradation limit specified by Australian Standards (AS-22758.7, 1996; TS 3402,
2001). Figure 3.2 shows the sieving of ballast sample tested in the laboratory and
Table 3.1 shows the grain size characteristics of ballast used in the field and the large
scale direct shear tests. The geogrid used in the direct shear tests was manufactured
from polypropylene and had 40mm x 40mm square apertures, as shown in Figure
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3.3. The properties of the geogrid used in this study are shown in Table 3.2. The
Author have selected this particular geogrid with aperture of 40 mm x 40 mm
because it has been used commonly in Australian tracks. Indraratna et.al (2012)
investigated the optimization of geogrid aperture size in terms of ballast particle size
distribution. They presented that the optimum aperture size of geogrid are identified
as 1.15-1.3D50. For given ballast gradations which commonly used in Australia,
Indraratna et al. (2012) recommended the aperture sizes of geogrrid ranging from 33
mm to 44 mm. Therefore, the geogrid with aperture size of 40 mm x 40 mm used in
this study is reasonable. Coal fines were selected as a fouling material and the
quantification method of fouling degree as well as characteristics of the coal fines
adopted in this study is described in the following section.
100

Coal fines
Field ballast
gradation
Recommended
ballast gradation
Laboratory
ballast gradation

% Passing

80

60
Laboratory
ballast gradation

Coal fines
40

Field ballast gradation
20

0
0.1

1

10

Particle size (mm)

100
Biaxial geogrid
aperture size = 40mm

Figure 3.1 Particle size distributions of coal fines and ballast used in the study

71

Figure 3.2 Sieving of the ballast sample tested in the laboratory
Table 3.1 Grain size characteristics of ballast
Test type
Field
ballast
gradation

Particle

dmax

d10

d30

d50

d60

shape

(mm)

(mm)

(mm)

(mm)

(mm)

53

16

28

35

40

8

14

15

Highly
angular

Laboratory

Highly

ballast

angular

Size

Cu

Cc

39

2.4

1.3

NA

20

2.5

1.2

8

ratio

gradation
Note:
dmax : maximum ballast size used in this study
d10 : diameter in millimeters at which 10% by weight of ballast passes through the
sieve
d30, d50, d60 : diameters in millimeters at which 30% , 50%, and 60% by weight of
ballast passes through the sieve
Cu : coefficient of uniform, determined by:
Cc : coefficient of curvature, determined by: Cc=(d30)2/d10/ d60
Size ratio: ratio of large-scale direct shear apparatus dimension divided by maximum
ballast size
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Figure 3.3 Typical biaxial geogrid tested in the laboratory (aperture: 40x40 mm)
Table 3.2 Physical and technical properties of geogrid and geotextile (courtesy,
Polyfabrics Australia Pty Ltd)
Physical Characteristics

Data

Structure

Bi-oriented geogrid

Mesh Type

Rectangular apertures

Standard Color

Black

Polymer Type

Polypropylene

Carbon Black Content

2%

Dimensional Characteristics

Unit

Biaxial geogrid

Aperture size MD

mm

40

Aperture size TD

mm

40

Mass per unit area

g/m2

420

Percentage of open area

%

77%

Technical Characteristics

Unit

Biaxial geogrid

MD

TD

Tensile strength at 2% strain

kN/m

10.5

10.5

Tensile strength at 5% strain

kN/m

21

21
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Peak tensile strength

kN/m

30

30

Yield point elongation

%

11

10

Geotextile Physical

Unit

Data

Mass per unit area

g/m2

140

Thickness

mm

2

Polymer type

-

Polypropylene

Geometry type

-

Non-woven

Characteristics

3.2.2

Quantifying the Degree of Fouling and Properties of Coal Fines

There are several indices for quantifying the degree of ballast fouling, as shown in
the Section 2.5.2. Selig and Waters (1994) defined the Fouling Index (FI) as a
summation of percentage (by weight) passing through a 4.75 mm and 0.075 mm
sieve. Feldman and Nissen (2002) defined the Percentage Void Contamination (PVC)
as the ratio between the bulk volume of fouling material and the initial volume of
ballast voids. However, when ballast is contaminated by different types of fouling
material, these methods may not give an accurate assessment. This is because they do
not take into account of the specific gravity of fouling materials that can be
significantly smaller than that of the ballast. Therefore, the Void Contamination
Index (VCI) as defined in a previous study has been used in this study (Indraratna et
al. 2010). The advantage of VCI is that the volume of mixed fines in comparison with
the total ballast void volume (e.g. coal and clay) can be captured accurately. The
Void Contamination Index (VCI) has already been used by Australian railway
industry in the states of New South Wales (NSW) and Queensland (QLD) to quantify
ballast fouling, in addition to the traditional methods such as Percentage Void
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Contamination (PVC) proposed by Feldman and Nissen (2002) or Fouling Index (FI)
introduced by Selig and Waters (1994).

VCI 

1 ef
eb



Gs.b M f

 100
Gs. f M b

(3.1)

where, e f = void ratio of fouling material, eb = the void ratio of fresh ballast, G s .b =
the specific gravity of ballast, G s . f = the specific gravity of fouling material, M f =
the dry mass of fouling material, M b = the dry mass of fresh ballast.
Coal fines were used as a fouling material for the VCIs of 20%, 40%, 70% and 95%.
These amounts correspond to 5%, 10%, 18% and 25% of the weight of fresh ballast
respectively. The particle size distribution of coal fines was similar to those found in
the tracks, as illustrated in the Figure 3.1. Figure 3.4 shows the sample of coal fines
tested in the laboratory and the basic engineering properties of coal fines are
presented in Table 3.3.

Figure 3.4 Coal fines tested in the laboratory

Table 3.3 Engineering properties of coal fines
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Specific
gravity
Coal
fines

3.2.3

1.28

Liquid

Plastic

limit

limit

(%)

(%)

91

50

Optimum

Maximum

moisture

dry

content,

density
3

OMC (%)

(kg/m )

35

874

Passing
No.

200

sieve (%)
15

Mean
particle
size d50
(mm)
1.18

Set up and Procedure of the Large-scale Direct Shear Test

The apparatus for the direct shear test used in this current study consisted of a 300 x
300mm2 square steel box, 200mm high, divided horizontally into two equal halves.
The view of the large-scale direct shear apparatus is shown in Figure 3.6 and the
schematic diagram of this test set up is shown in Figure 3.7. The ballast was placed
in the bottom half of the shear box and compacted into two layers by a vibratory
compactor to a dry density of 1530kg/m3. After the first layer was compacted, a sheet
of geogrid was placed on top and the overhanging material was secured to the lower
sides by clamping blocks and nails to simulate a non-displacement boundary (Figure
3.7). To simulate realistic fouling, coal fines were spread over each layer in an
amount sufficient to meet the desired Void Contamination Index (VCI). In order to
minimize the boundary effects, a reduced size parallel gradation of ballast with the
maximum particle

size of 40 mm was used in this study. The Particle Size

Distribution curves of coal-fouled ballast at various VCIs are shown in Figure 3.5.
These coal fines then migrated and accumulated into voids between the particles of
ballast under gravity upon vibration induced compaction. The remaining ballast was
then added to the upper half of the shear box and further compacted to achieve the
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desired unit dry bulk density. During the trial tests, a geogrid layer was used as a
separator in each layer. After compaction of the final layer, the fouled ballast in each
layer was lifted gently and sieved. It was found that the amount of coal fines was
very similar in each layer. It was also observed at the end of each test that the
accumulation of coal fines at the bottom of the shear box due to vibration was not
significant. The vertical stress can be either applied by a rigid and free top plate, a
rigid top plate not allowed to rotate, a top plate fixed to the top half of the cell or a
flexible pressurized bag. Palmeira (2009) discussed that different vertical pressure
distributions, roughness of the box wall, how geogrids are fixed and boundary
conditions are likely to produce some differences in test results. In this study, a
vertical load was then applied via a rigid and free top plate at the top of the shear box
using a dead weight system attached to a lever arm.
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Figure 3.5 Particle Distribution Size of coal-fouled ballast at VCIs varying from 20%
to 70%VCI, conducted in the laboratory

A displacement dial gauge was attached to the centre of the top plate to measure the
deformation of these samples of ballast, and another displacement dial gauge was
attached horizontally to the lower half of the box to measure its horizontal
displacement during shearing. A calibrated load cell was attached horizontally to
measure the shear force. The tests were conducted at four normal loads of 1.33, 2.41,
4.57, and 6.73kN, which corresponded to normal stresses of 15, 27, 51 and 75kPa,
respectively. The testing program and amounts of materials used in the large-scale
direct shear tests are shown in Table 3.4. The lower section of the shear box was
moved horizontally at 2.5mm/minute while the upper section of the box remained
78

stationary. Each specimen was subjected to a horizontal displacement of h =37mm
(which is the maximum movement allowed by the test apparatus). During this
shearing process, the shearing forces and vertical displacement of the top plate were
recorded at every 1mm of horizontal displacement. The shear stresses and vertical
displacements were computed associated with the horizontal displacements. The
results of these direct shear tests are presented and discussed in Chapter 4.

Figure 3.6 View of the large-scale direct shear apparatus
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Figure 3.7 Schematic diagram of the large-scale direct shear test set up (dimensions
are in mm)

Table 3.4 Testing program and amounts of materials used in large-scale direct shear
tests
VCI

Without

With biaxial

Weight of ballast Weight

(%)

geogrid

geogrid, aperture:

(kg)

40mm x 40mm

coal fines
(kg)

0

X

X

26

0

20

X

X

26

1.32

40

X

X

26

2.64

70

X

X

26

4.56

95

X

X

26

6.54

3.3
3.3.1

of

Track Process Simulation Apparatus (TPSA)
General Layout of the TPSA

To investigate the effects of geogrid and the influence of coal fines on the
deformation and degradation of fresh and fouled ballast, a series of tests using the
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Track Process Simulation Apparatus (TPSA) was conducted to simulate realistic
track conditions. The novel Track Simulation Apparatus was modified based on the
original design by Indraratna and Salim (2003). Typically, for NSW ballast
gradations, the initial stresses were kept constant around 6-7 kPa in the transverse
direction (parallel to sleeper), and about 10-12 kPa along the longitudinal direction
for which the lateral strains have to be kept as small as possible (i.e. plane strain). A
lateral stress ratio of 0.5-0.7 has been typical for maintaining plane strain for
conventional axle loads. The lateral pressures were selected based on the lateral
confinement provided by the weight of crib and shoulder ballast, along with particle
frictional interlock. Similar lateral pressures (and stress ratios) have been extensively
used in previous studies as reported by Indraratna and Salim (2003) and based on
actual track measurements. Generally, the applied stress in the laboratory is
controlled to vary within small limits in the longitudinal direction to ensure
insignificant strains (perpendicular to sleeper). The lateral stress ratio adopted in this
study is justified by field measurements from Singleton and Bulli tracks in NSW and
also in agreement with large scale laboratory tests conducted by Le Pen (2008).
The TPSA used in this study consists of four main components: the prismoidal
triaxial chamber, the axial loading unit, the confining pressure control system, and
the horizontal and vertical displacement monitoring devices. The general view and
typical parts of the TPSA are shown in Figure 3.8. The schematic plan view and cross
section of the TPSA is illustrated in Figure 3.9. The TPSA can accommodate a ballast
assembly 800 mm long by 600 mm wide by 600 mm high. All four vertical walls of
the TPSA unit were placed inside the frame and supported on the displacement
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system. There was about a 1 mm gap between the four vertical walls and the base
plate, which permitted free movement of the vertical walls when subjected to
horizontal force. A system of hinges and ball bearings was regularly lubricated to
minimise frictional resistance and enable the vertical walls to displace laterally with
minimum friction. Eight steel pegs were placed at each of the sleeper/ballast and
ballast/sub-ballast interfaces to measure vertical settlement and help calculate the
vertical strain of the ballast layer. A cyclic load was applied by a servo hydraulic
actuator and transmitted through the ballast by a wooden sleeper connected to a steel
rail. A linear variable differential transformer (LVDT) was connected to the load
actuator to record its vertical movement. Confining pressures applied in two
horizontal directions (perpendicular and parallel to the sleeper) were provided by
hydraulic jacks connected with load cells to control the pressure applied during
testing. Lateral movements of the four vertical walls were measured with 16
electronic potentiometers.
The vertical stresses at the sleeper/ballast and ballast/sub-ballast interfaces were
measured by two pressure plates, as shown in Figure 3.9. A typical harmonic cyclic
load applied in this study was estimated in accordance with Esveld (2001) and
presented in Figure 3.11. All tests were conducted at a frequency of 15 Hz with a
maximum induced cyclic pressure of 420 kPa, and tested up to 500,000 load cycles.
The frequency of 15 Hz was selected based on the freight lines operating in the
proximity of 100 km/h in New South Wales, Australia. In Australia, the axle loads
vary from 25-30 tonnes. In the field, a wheel load is transmitted both vertically
(underneath sleeper) and laterally to adjacent sleepers. Atalar et al. (2001) reported
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that part of the wheel load is transmitted to the adjacent sleepers, and only 40-60% of
the wheel load is actually carried by the sleeper beneath the wheel. Therefore, in the
test set up, the applied load of 20 tonnes over a single concrete sleeper (650mm long
and 220mm wide) is expected to generate a stress of 550-800 kPa at the sleeperballast interface. Author’s current experimental measurements in the test rig shows
measurements around 420 kPa that are even smaller. The field measurements made
in several Australian case studies including Bulli and Singleton tracks have shown
stresses just beneath the sleeper to be in the range of 350-500 kPa (Indraratna et al.,
2011b). Therefore, the applied 20 tonne load in the experimental rig is justified as it
generates a realistic stress on the ballast. Every instrument was calibrated before
connecting to an electronic data logger DT800 (Figure 3.10) and was controlled by a
host computer supported by Labview software to accurately record vertical
settlement, pressures, and the lateral displacement of associated walls at predetermined time intervals during the testing phase. The data acquisition screen is
shown in Figure 3.12.
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Figure 3.8 Primary components of TPSA: (a) general view of the apparatus; (b)
confining pressure control unit; (c) hydraulic jack, potentiometers and clamps; (d)
placement of sleeper on ballast layer; (e) spreading coal fines
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Figure 3.9 Schematic plan view and cross section of Rail Process Simulation Testing
Apparatus, TPSA (unit: mm)
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Figure 3.10 Data logger DT800 used to record displacement during testing

Figure 3.11 Typical cyclic loading applied in the study

Figure 3.12 Data acquisition screen
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3.3.2

Characteristics of the Testing Materials

Samples of fresh latite ballast were collected from Bombo quarry, New South Wales,
Australia, then cleaned and sieved according to Australia Standards (AS 2758.7,
1996). The size and characteristics of ballast and sub-ballast used in this study are
shown in Table 3.5. The Particle Size Distribution curve (PSD) of ballast and subballast used in this study is shown in Figure 3.13. The similar coal fines that were
used for the large-scale direct shear tests were also used for all tests of the TPSA.
Coal fines were provided by Queensland Rail and used as fouling material for VCIs
of 10%, 20%, 40%, and 70%. The engineering characteristics of coal fines are
presented in the Table 3.3. Given the prolonged droughts in the state of Queensland
and the usually prevailing hot climate most year round in most states in Australia, the
coal fouled tracks are often dry and not saturated as one may find in some North
American tracks, for instance as tested by Tutumluer et al. (2008). Therefore, the
coal fines and ballast tested in this study was chosen to be relatively dry (moisture
content is less than 4%). It is agreed that plastic properties of coal dust can be
affected if mixed with plastic clay in the field. However, in Australia, the vast
majority of coal lines is mainly fouled by coal falling off the wagons during the
passage of coal freight trains and there is insignificant mixing with clay. Apart from
Carbon-Hydrogen-Nitrogen studies, various minerals beneficiation methods, iron
chromatography, atomic absorption and X-ray diffraction tests conducted in the past
have shown that

coal fouling sampled from Queensland tracks contains clay

minerals less than 6-8% that does not add significant plasticity to coal fouling. It is
also true that VCI in the field can vary with time due to ballast degradation and the
rate of infiltration of coal fines, and that the fouling rate can also vary with location
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and time. In this study, the amount of coal fines was kept constant for each test to
enable proper comparisons. It is expected that track inspection would be mandatory
to ensure realistic evaluation of track performance. Biaxial geogrid manufactured
from polypropylene, with 40 mm x 40 mm square apertures, similar to the geogrid
tested in the large-scale direct shear tests, was used in this study. The properties of
this geogrid are presented in the Table 3.2. To ease the recovery of ballast after each
test, a non-woven geotextile with thickness of 2 mm was placed above the layer of
sub-ballast and beneath the geogrid to act as a separator such that this arrangement
does not affect the interlock between ballast particles and the geogrid.

The

characteristics of geotextile used in this study are presented in Table 3.2. This type of
geotextile is commonly used in rail tracks in Australia for the role of separation
between ballast and sub-ballast layers. The geotextile is very thin (2mm) and placed
loosely without tension, and there is no significant reinforcement effect from this
Table 3.5 Grain size characteristics of ballast and sub-ballast used for the TPSA tests
Size
ratio

Test type

Particle
shape

dmax
(mm)

d10
(mm)

d30
d50
(mm) (mm)

d60
(mm)

Cu

Cc

Ballast

Highly
angular

53

16

28

35

39

2.4

1.3

11.3

Subballast

Angular to
19
rounded

0.23

0.45

0.61

0.8

3.5

1.1

31.6
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Figure 3.13 Particle Size Distribution of ballast, and sub-ballast used in the TPSA
testing

3.3.3

Preparation of Ballast Samples and Testing Procedure

To represent field conditions, a 50mm thick layer of coarse sand compacted at 7%
moisture content to a bulk unit weight of 19.5 kN/m3 was placed at the bottom of the
apparatus to simulate a layer of subgrade. The 100 mm thick layer of sub-ballast
above the subgrade consisted of a sand and gravel mixture compacted to a bulk unit
weight of 20.8 kN/m3. Geogrid was placed on top of the sub-ballast, followed by 300
mm thick layer of ballast compacted to field unit weight of 15.3 kN/m3. The initial
void ratio of fresh ballast was 0.77. Pre-determined amounts of dry coal fines were
added to the fresh ballast to simulate coal-fouled ballast. The final void ratios of
fouled ballast for VCI = 40% and 70% were 0.47 and 0.31, respectively.To ease the
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recovery of ballast after each test, a thin, loose geotextile was placed above the layer
of sub-ballast to act as a separator.
A total of 10 tests were conducted with and without geogrid, and with VCI varying
from 0% to 70%. The testing program and the amount of materials used for each test
are presented in Table 3.6. While the samples were being compacted the side walls
of the TPSA were clamped to prevent any deformation. Layers of subgrade and subballast were prepared using a vibratory compactor to desired unit weights as
mentioned previously. Pressure plate, settlement pegs and geogrid were then placed
onto the layer of sub-ballast. The sample of ballast was divided and compacted into 5
equal sub-layers (60mm thick). Each layer was compacted with a hand vibrator until
the simulated field unit weight (typically @ 15.3 kN/m3) was achieved. A rubber
pad was placed beneath the vibrator to prevent particle breakage during
compaction. A total of 5 sub-layers of fresh ballast (60mm for each sub-layer) were

compacted and then the coal dust was blown through the ballast voids to realistically
simulate the field conditions where the coal fines fall off wagons and then infiltrate
the ballast bed. This technique also prevents the ballast structure from being
disturbed. The subsequent layers of ballast and coal fines were similarly
compacted until the ballast attained its final height of 300 mm. A wooden
sleeper was then placed on top of the ballast and connected to a hydraulic
actuator via a steel ram. Eight settlement pegs were then placed on top of
the ballast, and then more ballast was placed onto the top level of the sleeper
to represent crib and shoulder ballast.
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After the assembly was prepared, the clamps were removed and lateral pressures
(

10

and

7

) corresponding to confining pressures typically

provided by crib and shoulder ballast in the real track were applied (Figure 3.8c).
The novel Track Simulation Apparatus was modified based on the original design by
Indraratna and Salim (2003). Typically, for NSW ballast gradations, the initial
stresses were kept constant around 6-7 kPa in the transverse direction (parallel to
sleeper), and about 10-12 kPa along the longitudinal direction for which the lateral
strains have to be kept as small as possible (i.e. plane strain). A lateral stress ratio of
0.5-0.7 has been typical for maintaining plane strain for conventional axle loads. The
lateral pressures were selected based on the lateral confinement provided by the
weight of crib and shoulder ballast, along with particle frictional interlock. Similar
lateral pressures (and stress ratios) have been extensively used in previous studies as
reported by Indraratna and Salim (2003) and based on actual track measurements.
Generally, the applied stress in the laboratory is controlled to vary within small limits
in the longitudinal direction to ensure insignificant strains (perpendicular to sleeper).
The lateral stress ratio adopted in this study is justified by field measurements from
Singleton and Bulli tracks in NSW and also in agreement with large scale laboratory
tests conducted by Le Pen (2008). An initial vertical pressure of 45 kPa was then
applied to stabilise the sleeper-ballast assembly, and to serve as a reference for all
lateral displacement and settlement readings. A cyclic load was then applied through
a servo hydraulic actuator to a maximum pressure of 420 kPa at a frequency of 15
Hz. These loading characteristics induced an approximately mean contact stress of
233 kPa onto the sleeper and ballast, which represents a 20 tonne/axle train loading
travelling at approximately 80 km/h under typical Australian track conditions. A total
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of half a million load cycles was applied in each test, but was interrupted at specific
cycles (1, 10, 100, 1000, 2000,4000, 7000, 15000, 30000, 50000, 100000, 200000,
300000, 400000, 500000) to take readings of settlement pegs as well as to capture
the resilience of ballast material at the end of these cycles. Therefore, the rest periods
have been captured when selecting these specific cycles and test interruptions
conducted

accordingly.

Lateral

displacements

and

vertical

stresses

were

automatically recorded by an automated data logger DT800.
Table 3.6 Testing program and amounts of materials used in each test
VCI

Without

With

(%)

geogrid

geogrid

biaxial Weight of ballast Weight
(kg)

40 mm x 40 mm

of

coal fines
(kg)

0

X

X

220

0

10

X

X

220

5.20

20

X

X

220

10.40

40

X

X

220

20.80

70

X

X

220

36.40

After completion of the test, the ballast sample was taken out. Then the sample was
sieved again to determine the Particle Size Distribution of ballast after every test,
which used to calculate ballast breakage. The Ballast Breakage Index, introduced by
Indraratna et al. (2005) stated in the Section 2.4.2.1 was adopted in this study to
investigate degradation behaviour of the fresh and coal-fouled ballast subjected to the
cyclic loading. The results of the fresh and fouled ballast with and without geogrid
inclusion subjected to cyclic loading using the TPSA are presented and discussed in
Chapter 4.
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3.4

Chapter Summary

This chapter presented details of laboratory investigation used to investigate shear
stress-strain, deformation and degradation behaviour of fresh and coal-fouled ballast
with and without the inclusion of biaxial geogrid subjected to both static and cyclic
loadings. The details of two experimental apparatus used in this study, large-scale
direct shear box and Track Process Simulation Apparatus (TPSA), were described.
The experimental set up, characteristics of materials used in these tests, sample
preparation were also described in the chapter.
Sample of coal-fouled ballast at a specified VCI was prepared by adding a
predetermined amount of coal fines uniformly on top of each compacted ballast

sub-layer. An air hose was then used to gently blow the coal fines through the ballast
voids to realistically simulate coal fines falling off wagons and infiltrating the ballast
in the field. This method also avoids the ballast structure from being disturbed. The
experimental results of these tests are given in Chapter 4.
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4

4.1

EXPERIMENTAL RESULTS AND DISCUSSION

Introduction

This chapter describes the experimental results of fresh and coal-fouled ballast
response subjected to monotonic and cyclic loading, using a large-scale direct shear
equipment and Rail Process Simulation Testing Apparatus (TPSA). The shear stressdisplacement behaviour of fresh and fouled ballast reinforced with geogrids was
studied through a series of large-scale direct shear tests where the levels of fouling
ranged from 0% to 95% Void Contamination Index (VCI), at relatively low normal
stresses varying from 15 kPa to 75 kPa. A conceptual normalized shear strength
model was proposed to predict decreases in peak shear stress and peak angle of
shearing resistance caused by coal fines. A novel Track Process Simulation
Apparatus (TPSA) was used to investigate the deformation of coal fouled ballast
stabilised with the geogrid, at various degrees of fouling subjected to cyclic
loadingBased on the experimental results, an equation incorporating VCI was
proposed to predict the deformation of fresh and fouled ballast. This equation
improves track design and assists in favourable decision support for track
maintenance. The details of results and discussion of these experimental tests are
described in the following sections.
4.2
4.2.1

Results and Discussion on Large-scale Direct Shear Test
Shear Stress-displacement and Compression-dilation of Fresh and
Fouled Ballast

Figure 4.1 shows the stress-displacement and compression-dilation curves of
specimens of fresh ballast with and without geogrid, under a range of normal
stresses: 15, 27, 51 and 75kPa. Here the shear stress decreased after reaching its
maximum value as the densely compacted granular material lost their sharp edges.
All the tests exhibited a relatively low initial compression followed by dilation.
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When the ballast aggregates compress to a threshold packing arrangement,
subsequent shearing would initiate dilation . As the test progresses, the area of ballast
-to-ballast contact diminishes. The shear stress on the shearing plane was then
calculated with the corrected area accounting for the reduced contact area. The strain
softening observed in the shear box test is associated with the ballast breakage and
corrected shearing area. These findings agree with the stress-strain behaviour of
other rockfill aggregates reported earlier (De Mello 1977; Charles and Watts 1980;
Indraratna et al. 1993; Indraratna et al. 1998), among others. As expected, dilation
was more pronounced when the ballast is subjected to relatively low normal stresses.
All the specimens dilated more at lower normal stresses when the horizontal
displacements were in the range of 18-27mm. The results clearly show that the peak
shear stress of the specimens reinforced by geogrid was greater than that of
unreinforced specimens attributed to the interlocking of ballast with geogrid
apertures. The ballast reinforced by geogrid generally showed less dilation than the
fresh ballast, because, the mechanical interlock at the ballast-geogrid interface
minimizes the horizontal movement. Based on these test results, while the geogrid
established the effective interlock to reduce dilation, its effect on compression was
found to be insignificant, because, the geogrid utilized here was thin and flexible.
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Figure 4.1 Stress-displacement behavior of fresh ballast with and without geogrid

The comparisons of the shear stress and shear displacement of ballast with and
without geogrid reinforcement are presented in Figure 4.2 at different levels of VCI
(20%-95%). Generally, the peak shear stress increases with an increase of normal
stress and decreases with an increase of VCI. It is shown that the coal fines
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significantly reduce the peak shear stress of the ballast, because, they fill the voids
while coating the particle surfaces (Figure 4.3). This inhibits inter-particle friction
and reduces the shearing resistance at the geogrid-ballast interface (Ionescu 2005). In
other words, the coal fines covering the ballast would act as a lubricant assisting the
particles to slide and/or roll over each other, which in turn, would increase dilation.
After finishing every test, the author removed materials out of the apparatus and
visualized that coal fines infiltrating between the ballast and geogrid and becoming
trapped between the apertures in the geogrid. The portion of the apertures of the
geogrid was trapped by coal fines depends on the level of VCIs. For fouled ballast
assembly with VCI >70%, the coal fines almost filled the whole apertures of geogrid.
When the voids become almost filled with coal fines (95% VCI, Figure 4.2d), the
geogrid is unable to reduce dilation, because, the fines prevent the ballast from
effectively interlocking with the geogrid apertures. This also may have facilitated
premature compression due to the aggregates being rearranged and rotated
prematurely.
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Figure 4.2 Stress-displacement behaviour of fouled ballast with and without geogrid
(a) 20%. (b) 40%, (c) 70% and (d) 95%
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Figure 4.3 Variation of peak shear stress of fresh and fouled ballast at various VCIs:
(a) without geogrid and (b) with geogrid

4.2.2

Influence of Coal Fines on the Strength Envelope of Ballast Specimens

Table 4.1 shows the peak shear stresses of ballast with and without geogrid under
various conditions of fouling, while Figure 4.4 shows variations in the strength
envelopes of ballast based on the results tabulated in Table 4.1. Several previous
investigations were conducted to study the strengths of rockfill materials (Marachi et
al. 1972; De Mello 1977; Raymond and Davies 1978; Charles and Watts 1980;
Barton and Kjaernsli 1981; Indraratna et al. 1993). They all concluded that the nonlinear shear strength envelope based on Coulomb’s failure criterion of granular
materials could be observed. Non-linearity at low confining pressure was significant
and was gradually reduced as the confining pressure increased. In turn, this
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decreased the apparent angle of shearing resistance of granular materials at high
confining pressures.
A uni-axial compressive strength of parent rock  c =130MPa, as stated in Indraratna
and Salim (2005) was incorporated to define the failure envelope of ballast
specimens. The peak shear stress and normal stress were normalized with the uniaxial compressive strength of ballast  c . The relationship of normalized peak shear
stress and normalized normal stress was non-linear and followed the power equation
proposed earlier by Indraratna et al. (1993) as follows:

p
 
 a n 
c
c 

b

(4.1)

where,  p = the peak shear stress,  n = normal stress,  c = the uni-axial compressive
strength of the parent rock, and a and b are dimensionless constants. In the low range
of normal stresses, the shear strength envelopes were markedly curved and passed
through the zero cohesion, as expected for granular ballast aggregates.
Table 4.1 Peak shear stress of ballast with and without geogrid under various fouling
conditions
Peak shear stress (kPa)
Test
sample

Normal
stress

0%VCI

20%VCI

40%VCI

70%VCI

95%VCI

(kPa)

Ballast

15

32.24

27.38

24.92

21.68

20.48

without

27

52.10

45.58

41.66

36.29

35.28

geogrids

51

92.89

82.92

74.00

67.19

65.70

75

112.32

99.03

91.30

82.52

79.81

100

Ballast

15

39.76

36.49

34.57

31.81

30.71

with

27

59.07

53.84

50.94

45.76

44.01

geogrids

51

102.05

93.90

89.43

80.71

77.94

75

131.56

120.55

113.42

104.11

100.02

Normalised shear stress, /c

0.0010

With geogrid

Without geogrid
b

0.0008

p
 
 a n 
c
c 

0.0006

c=130 Mpa

Strength drop
due to
coal fines
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c
c 

b

Strength drop
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Figure 4.4 Strength envelops of fresh and fouled ballast at different Void
Contamination Indexes, (a) without geogrid and (b) with geogrid
4.2.3

Influence of Coal Fines on the Apparent Angle of Shearing Resistance of
Ballast Aggregates

Dombrow et al. (2009) conducted a series of direct shear tests for unreinforced
granite and limestone contaminated with different amounts of coal dust, ranging
from 5% to 25% by weight. They reported that the shear strength and friction angle
decrease steadily with an increase in the content of fines. In this study the variations
of normalized peak shear stress (  p /  n ) and apparent angle of shearing resistance (

 ) with VCI (content of fines) with and without geogrid are plotted in Figure 4.5.
Peak shear stress curves show that the increase of shear stress obtained per unit of
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normal stress is not linearly proportional to the normal stress and increases
marginally when the normal stress increases. Coal fines steadily decrease the peak
shear stress of the ballast specimens which in turn decrease the apparent angle of
shearing resistance. The reduction in the shear strength of unreinforced and
reinforced ballast is remarkable when the amount of coal dust is less then 70%VCI,
although it is only marginal beyond this VCI. The values of the apparent friction
angle of fresh ballast reported in Figure 4.5 varied between 480 and 650 depending on
the applied stress levels. These values are similar to those obtained from a much
larger triaxial chamber of 350mm in diameter and 700mm in height (Indraratna et al.
1998). Therefore, the boundary effects of shear box (300 mm x 300 mm x 195 mm)
are not pronounced. Moreover, d60 of the tested ballast is 20 mm. Therefore, at least
60% of ballast particles were 10 times smaller than the shear box dimensions. Past
large-scale triaxial tests conducted by many researchers (Marsal 1973; Indraratna et
al. 1993) have shown that as long as the ratio of testing chamber dimension/particle
size ratio is greater than 7-8 for the vast majority of particles, the boundary effects
can be neglected. Figure 4.6 shows the peak angle of shearing resistance normalized
by the initial angle of shearing resistance
stresses. Here the ratio

, versus VCI at different normal

of ballast specimens with and without geogrid

reinforcement decreases with an increase in VCI. The rate of decrease in

is less

for the sample reinforced by geogrids, but the decrease in the angle of shearing
resistance becomes marginal for most specimens.
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Figure 4.5 Effect of VCI on normalized peak shear strength and apparent angle of
shearing resistance of ballast: (a) without geogrid and (b) with geogrid
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Figure 4.6 Normalized angle of shearing resistance by initial angle of shearing
resistance versus VCI for ballast with and without geogrid reinforcement
The way coal fines reduce the normalized shear strength due to an increase in VCI is
shown in Figure 4.7. This normalized reduction in shear strength is introduced as the
ratio between the decrease in shear strength (  p ) and normal stress (  n ). It shows,
as expected, the decrease in shear strength is more significant for ballast without
geogrid than ballast stabilized by geogrid. These variations in the decrease of
normalized peak shear stress with respect to changes in the VCI, can be presented be
the following hyperbolic equation:

 p

n



VCI / 100
a  VCI / 100  b

(4.2)

where,   p = the shear strength reduction of ballast due to the presence of fines,  n =
normal stress, VCI = the void contamination ratio, and a and b = hyperbolic
constants.
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The results obtained from direct shear tests of ballast with and without geogrid
reinforcement are plotted in transformed axes to determine the hyperbolic constants
(a, b), by rearranging Equation 4.2, hence:

VCI  n
VCI

 a
b
100  p
100

(4.3)
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Figure 4.7 Variation of normalized peak shear stress drop for ballast with and
without geogrid at different VCI
4.2.4

New Shear Strength Model for Fouled Ballast with and without Geogrid
Reinforcement

It can be concluded from the experimental results that the interaction between
particles of ballast and coal fines affects the shear strength at the interface. The coal
fines filling the voids reduce inter-particle friction and substantially reduce
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interlocking between ballast and geogrid. The shear strength of ballast stabilized by
geogrid is governed by the degree of fouling. The shear strength of fouled ballast in
relation to the shear strength of fresh ballast and the associated decrease in peak
shear stress can be expressed a
( P ) Fouled _ Ballast  ( P ) Fresh _ Ballast    p

(4.4)

Dividing Equation (4.4) by the normal stress,  n gives:

( P ) Fouled _ Ballast

n



( P ) Fresh _ Ballast

n



 p

(4.5)

n

where, ( P ) Fresh _ Ballast = the peak shear stress of fresh reinforced / unreinforced
ballast, ( P ) Fouled _ Ballast = the peak shear stress of fouled reinforced / unreinforced
ballast at specified fines content,   p = the shear strength reduction of fresh and
reinforced ballast due to the presence of coal fines, and



n

= the normalized drop

in shear strength.
The simplified methodology proposed by Duncan and Chang (1970) is used to
predict a normalized reduction in shear strength as shown graphically in Figure 4.8
by the hyperbolic relationship expressed earlier in Equation 4.2.
Substituting Equation 4.2 in Equation 4.5 results in:

( P ) Fouled _ Ballast

n



( P ) Fresh _ Ballast

n



VCI / 100
a  VCI / 100  b
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(4.6)

where, a and b are hyperbolic constants depending on normal stress, and the types
of geogrid are determined by plotting Equation 4.2 in a transformed axes to represent
the linear relationship presented in Figure 4.9.
Incorporating the Mohr-Coulomb envelope for cohesionless material with Equation
4.6 gives:

tan  f  tan o 

VCI / 100
a VCI / 100  b

(4.7)

where ,  f : = the peak angle of shearing resistance of fouled ballast, o = the peak
angle of shearing resistance of fresh ballast.
The linear regression curves in Figure 4.9 prove that the decrease in normalized peak
shear stress could be accurately determined based on a hyperbolic relationship
2
(coefficient of regression, R  0.95 ). Note that a and b are independent of the VCI

ratio (content of fines) and vary with applied normal stresses. Figure 4.10 shows the
changes of a and b with normal stresses. It can be seen that a and b increase with
an increase in normal stress.
The proposed Equation 4.2 can be utilized to predict the reduction in shear strength
of ballast with and without geogrid at a given VCI. Consequently, the shear strength
of fouled ballast at a specific VCI can be predicted by applying Equation 4.6 after
evaluating the shear strength of ballast with and without geogrid in the laboratory.
Furthermore, the peak angle of shearing resistance of fouled ballast  f , at a given
VCI can be determined using Equation 4.7, once the peak angle of shearing
resistance of fresh ballast o is known at a given normal stress (  n ) .
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Figure 4.8 Proposed conceptual normalized shear strength model for fouled ballast
reinforced with biaxial geogrid, (a) normalized peak shear stress of fouled ballast,
(b) normalized shear strength reduction with VCI and (c) transformed axes plot to
determine hyperbolic constant a and b
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Figure 4.9 Determination of hyperbolic constants a and b for ballast with and
without geogrid reinforcement
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4.3
4.3.1

Track Process Simulation Apparatus (TPSA)
Lateral Deformation of Fresh and Fouled Ballast

The lateral deformation of fresh and fouled ballast, in both horizontal directions, with
and without geogrid (perpendicular and parallel to sleeper), are presented in Figure
4.11a and Figure 4.11b. It can be seen here the geogrid significantly decreased the
lateral displacement of fresh and fouled ballast. Indeed, when particles of ballast
were compacted over the geogrid, they partially penetrated and projected through the
apertures and created a strong mechanical interlock between the geogrid and now
restrained ballast. This interlocking effect enabled the geogrid to act as a nonhorizontal displacement boundary that confined and restrained the ballast from free
movement, which in turn decreased its deformation. This supports the previous
studies conducted by Konietzky et al. (2004), and McDowell et al. (2006), where the
discrete element method was used to investigate the interaction between geogrid and
ballast. They concluded that the geogrid provides a significant interlocking effect by
creating a stiffened zone on each side. During cyclic loading application and
associated vibrations, ballast particles can rotate and move, and the initial void
arrangement and the contact distribution would change accordingly. An increased
VCI results in a significantly larger lateral displacement because when fouling
increases, it is highly likely that fouling material (e.g. fines coal dust) coats on the
ballast grain surfaces (process sometimes referred to as armouring) and intrude
between the contact points and thereby do offer a lubricating effect, which in turn
helps the particles of ballast slide and roll over each other. However, the ability of
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geogrid to reduce lateral displacement also diminishes when the VCI increases
because when the ballast layer was carefully removed after the test, it was observed
that coal fines had accumulated in the apertures of the geogrids decreased the
effective size of the geogrid aperture.
4.3.2

Vertical Settlements of Fresh and Fouled Ballast

The average accumulated vertical settlement of fresh and fouled ballast at selected
load cycles was measured using settlement pegs and a linear variable differential
transformer (LVDT). Figure 4.11c shows the settlement of fresh and fouled ballast
assemblies compared to those of geogrid reinforced ballast at various VCI. Generally,
the settlement of geogrid reinforced ballast was less than the unreinforced assembly
for any given VCI, although fresh ballast reinforced with geogrid showed the least
settlement. The benefit of geogrid in reducing ballast settlement was also presented
in Figure 2.31 conducted by Bathurst and Raymond (1987). As expected, an
increasing level of fouling causes more ballast deformation. All the samples had the
same initial rapid settlement up to 100,000 cycles, followed by gradually increasing
settlement within 300,000 cycles, and then remained relatively stable to the end
(500,000 cycles). This clearly indicated that ballast undergoes considerable
rearrangement and densification during initial load cycles, but after attaining a
threshold compression, any subsequent loading would resist further settlement but
instead, promote dilation when the ballast specimen could not compress further
(

. This increased settlement was also attributed to coal fines acting as a

lubricant, as mentioned earlier.
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Figure 4.11 Variations of the deformation of fresh and fouled ballast with and
without geogrid with varying VCI: (a) lateral displacement (S2, perpendicular to
sleeper), (b) lateral displacement (S3, parallel to sleeper), (c) settlement, S
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The measured data is best interpreted by Figure 4.12a to Figure 4.12d which plot the
final values of deformation and the relative deformation factor at N= 500,000 with
varying VCI. The relative deformation factor (Rf) can be defined as follows:

 100

Vertical settlement (%) :

(4.8)

Lateral deformation (%):

 100

(4.9)

Lateral deformation (%):

 100

(4.10)

The beneficial effect of geogrid on reducing ballast deformation, as expected, is
clearly reflected by the values of Rf presented in Figure 4.12d. The observed benefit
of the geogrid decreased with an increase of VCI and became marginal when VCI >
40%. Geogrid can reduce the deformation of fresh ballast (approximately 52% and
32% reduction for lateral and vertical deformation, respectively), and this value
significantly decreases with an increase of VCI (approximately 12% and 5%
reduction for lateral and vertical deformation, respectively, for VCI=40%). It was
clear that as the VCI increased beyond 40% or so, the subsequent decrease in the
value of Rf became gradual compared to fresh ballast and fouled ballast with
VCI=10% and 20%. This observation was supported by the fact that at VCI=40% and
beyond, coal fines fill the ballast voids and geogrid apertures. This phenomenon
inhibits inter-particle friction and prevents the ballast particles from effectively
interlocking with the geogrid. Based on this data, it is possible to propose a threshold
value of VCI=40% where the effect of geogrid becomes marginal and track
maintenance would become imperative.
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Figure 4.12 Variations of final deformation of fresh and fouled ballast with and
without geogrid, with VCI: (a) lateral displacement S2; (b) lateral displacement S3; (c)
settlement S; (d) ballast deformation factor, Rf
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4.3.3

Average Volumetric and Shear Strain Responses

The average vertical strain of the ballast layer (1)avg was calculated based on the
differences between settlement at the sleeper/ballast and ballast/sub-ballast
interfaces, as measured by the settlement pegs. The average lateral strains
perpendicular and parallel to the sleeper ((2)avg, (3)avg ) were then calculated using
the lateral displacement of the four vertical walls, as measured by the potentiometers.
The average volumetric strain (v)avg and shear strain (s)avg can be calculated as
follows (Timoshenko and Goodier 1970):









(4.11)


√













(4.12)

Figure 4.13a shows the volumetric strain plotted against the average vertical strain.
Generally, all the specimens showed a significant volumetric compression at the
initial vertical strain, which then progressed to a threshold compression followed by
dilation at subsequent loading cycles. With the volumetric strain, the fouled ballast
with the highest VCI started dilating earlier than the specimens with a lower VCI.
While the 70%VCI fouled ballast showed dilation occurring at approximately



1.2%, the 20%VCI fouled ballast and fresh ballast started dilating at



1.7% and 

2.2%, respectively. This premature dilation of fouled

ballast may be considered as one of the important signs associated with track
instability (Indraratna et al., 2011b). Fouled specimens reinforced with geogrid
showed a similar trend of volumetric behaviour compared to unreinforced ballast,
except that the maximum values of 

for ballast reinforced with geogrid were
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somewhat smaller than those for unreinforced ballast. These differences were
primarily attributed to additional interlocking provided by the geogrid which
confined and restrained the ballast from moving freely.
The average shear strain response 

versus average vertical strain 

for

fresh and fouled ballast is also presented in Figure 4.13b. The data shows that
geogrid reduced the average shear strain of fresh and fouled ballast assemblies for
any given VCI. The shear strain for all the specimens increased significantly at the
beginning, but it gradually increased with a subsequent increase in the vertical strain.

116

-0.5

(a)

Without geogrid

With geogrid

Volumetric strain, v

0.0
0.5
1.0
70% VCI

1.5
20% VCI

v = 1 + 2 +3

10% VCI
0% VCI

2.0
2.5

Starting points of dilation
3.0

With
Without
VCI (%)
geogrid geogrid

Shear strain, s

0.0
0.5

f
s

1.0

(b)

0
10
20
40
70

1.5
2.0
2.5
3.0
0

1

2

3

4

Vertical strain, 1 (%)

5

6

0

1

2

3

4

5

6

Vertical strain, 1 (%)

Figure 4.13 Variations of average volumetric strain and shear strain versus average
vertical strain of fresh and fouled ballast with and without geogrid for various VCI

4.3.4

Maximum Stresses and Ballast Degradation

The total stress is measured by pressure plates. The pressure plate size (230 mm in
diameter, 12 mm in thickness) is considered to be large enough to measure the
average stress of a granular material and stiff enough to prevent any damage due to
very high stress at the contact points. The pressure plates were calibrated using
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similar interfaces via Instron compression machine and were found to provide the
average contact stress due to granular material. Consistent results for these pressure
plates were obtained in three track sites in Singleton, Bulli and Sandgate in the state
of NSW.
Figure 4.14a presents a comparison of the maximum stresses at the sleeper/ballast
and ballast/sub-ballast interfaces of fouled ballast with VCI=40%. As expected,
geogrid placed between the layers of ballast and sub-ballast resulted in a slight
decrease in maximum stress compared to the unreinforced ballast assembly. It is
clearly seen that at the level of fouling VCI=40%, the stress reduction attributed to
the geogrid is not significant. This is reflected in the Figure 4.14b that the breakage
reduction at 40%VCI is not considerable either. At the initial 50,000 cycles, while
the measured maximum vertical stress at sleeper/ballast increased, the maximum
stress at the ballast/sub-ballast interface decreased. The lower stress at the
sleeper/ballast interface within the initial 30,000 cycles can attributed to inter-particle
contacts that may not have been fully developed. Subsequent load cycles would
increase the inter-particle contacts through densification
Under cyclic loading the ballast deteriorates due to the breakage of sharp corners and
attrition of asperities, apart from particles splitting at high contact pressure
(Indraratna et al. 2005; Lackenby et al. 2007). The volume of ballast broken can be
determined by sieving it before and after every test, and then quantifying the
differences of particle size distribution curves. Indraratna et al. (2005)
proposed a Ballast Breakage Index (BBI) for quantifying ballast breakage.

According to ballast samples obtained at Bulli (NSW) prior to track maintenance,
118

BBI was in the range of 8-11% which is similar to the values obtained in the
laboratory. The BBI of fresh and fouled ballast with and without geogrid is
presented in Figure 4.14b. It can be seen here that ballast reinforced with
geogrid showed a significantly reduced breakage compared to an
unreinforced specimen of ballast when the VCI <40%. The reduction of BBI
associated with including geogrid is primarily reflected by the reduced
maximum stresses presented in Figure 4.14a which would also imply reduced
inter-particle contact stresses. The ability of geogrid to reduce the breakage
of fresh ballast is very notable but as the VCI increased beyond 40% or so,
the ability of geogrid to reduce degradation became marginal.It was also
observed that the BBI decreased considerably with an increase of VCI for
both reinforced and unreinforced assemblies of ballast. This was primarily
attributed to the coal fines occupying the ballast voids and acting as a
cushioning layer leading to diminished inter-particle contact stresses and
associated breakage.

119

(a)

0.14
Without Geogrid

0.12

(b)

With Geogrid

BBI

0.10

0.08

Effective zone of
geogrid

0.06

0.04

0

10

20

30

40

50

60

70

80

Figure 4.14 Variations of maximum vertical stresses and Ballast Breakage Index of
ballast assemblies with and without geogrid
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4.3.5

Proposed Deformation Model of Fouled Ballast

Various researchers have attempted to model the settlement of fresh ballast
empirically (Shenton 1975; Raymond and Bathurst 1994; Indraratna et al. 2002),
among others. However, their proposed empirical equations were primarily applied
to fresh ballast, they were unable to consider the rate at which ballast deteriorates and
fouls during cyclic loading. Therefore, based on the data measured experimentally,
this study is a first attempt to propose an empirical equation to predict track
settlement, (S) considering the degree of fouling, (VCI) as defined by:
(4.13)
where, S is the settlement, VCI is the Void Contaminant Index (0
and

1 ,

are empirical coefficients depending on VCI, and N is the number of load

cycles. Parameters a and b can vary with the subgrade characteristics including
thickness and stiffness, fouling materials and ballast gradation. This is an limitation
of the proposed equation due to the rigid bottom in the laboratory test setup is
different from the subgrade in the field and only the commonest ballast type (latite
basalt) and the most common fouling material (coal) in Australian freight tracks were
tested.
A comparison of ballast settlement with and without geogrid at varying VCI,
compared to the results based on Equation 4.13, is shown in Figure 4.15. The
predicted settlements agree with data measured experimentally. The empirical values
a and b at varying VCI were also tabulated in Figure 4.15. From a practical
perspective, the proposed Equation 4.13 can help practicing engineers predict track
settlement and simultaneously consider ballast fouling.
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Figure 4.15 Comparisons of ballast settlement at varying VCI with/without geogrid
inclusion measured experimentally and predicted
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4.4

Chapter Summary

This chapter presents the results of laboratory investigation relating to the influence
of coal fines and effect of geogrid on ballast behaviour subjected to monotonic and
cyclic loadings. A series of large-scale direct shear tests and Track Process
Simulation Apparatus (TPSA) were conducted for fresh and coal-fouled ballast with
and without the inclusion of geogrid. The experimental results highlight that while
the geogrid provides reinforcement benefit through interlocking effect the coal fines
has adverse effects on shear strength and deformation of ballast. The shear strength
and peak friction angle of fouled ballast decrease with an increase level of coal
fouling (e.g. VCI). A conceptual normalized shear strength model was also proposed
to assist practicing engineers in predicting the shear strength and peak friction angle
of fouled ballast taking into account of amount of coal fouling and geogrid inclusion.
The results measured from a series of TPSA tests for fresh and coal-fouled ballast at
varying Void Contaminant Index (VCI) also prove that coal fines significantly
increase the deformation of ballast (both in lateral and vertical displacement). This is
justified by the fact that coal fines acting as lubricant which facilitates ballast
aggregates sliding and rolling over each other. Geogrid provides the most benefit in
reducing ballast deformation when placed in the fresh ballast (about 52% and 32%
reduction for lateral and vertical deformation, respectively) and this benefit decreases
significantly with an increase of VCI (about 12% and 5% for vertical and lateral
deformation). A threshold value of VCI=40% was introduced to assist practising
engineers in determining track maintenance schedule.
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5
5.1

DISCRETE ELEMENT MODELING OF RAILWAY BALLAST

Introduction

Railway ballast materials consist of distinct particles which interact only at contact
points and displace independently from each other. The discrete nature of railway
ballast material leads to complex behaviour under traffic loading and unable to
adequately model through continuum methods (e.g. Finite Element Method or Finite
Difference Method). Discrete Element Method (DEM) has been used increasingly to
study the behaviour of granular material both from macro-mechanical and micromechanical points of view. By comparing results measured experimentally with
those obtained from numerical simulation using DEM, Cundall and Strack (1979)
firstly reported that DEM is a suitable method to study the behaviour of granular
materials. It enables to study some features of ballast such as contact force
distributions, particle displacement vectors, inter-particle friction, coordination
number (average number of contacts per particle) that are almost impossible to
measure experimentally or using other numerical techniques. The irregular shapes of
ballast particles can be realistically modelled in the DEM. Moreover, an identical
prepared ballast assembly can be reused for different loading and fouling conditions
in the DEM.
This chapter presents background on the discrete element method emphasizing on the
applications of particle flow code in three dimensions (PFC3D) to model granular
materials. The general mathematical equations and some particular aspects (i.e.
contact models and clump logic) are presented. The effects of particle shapes in
DEM and the methods to model irregular shape of granular materials (especially
ballast) are described. The DEM for large-scale direct shear apparatus and ballast
particle shapes using clump logic applied in this study are presented.
5.2

Discrete Element Method (DEM)

Discrete Element Method was first introduced by Cundall (1971) for modelling rock
mechanics and later applied to granular materials by Cundall and Strack (1979).
Cundall and Hart (1992) later defined the scope of the DEM and summarised
fundamental features in the modelling of particulate systems. The DEM employs an
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explicit finite difference scheme and can handle particles of different sizes and
shapes in which the interaction of the particles is modelled contact by contact and the
motion of individual particles can be captured. It allows finite displacements and
rotations of discrete particles and updates new contacts automatically as the
calculation progresses (Itasca 2008). The DEM calculates the behaviour of the
granular assembly due to cumulative effect of all particle-to-particle interactions in
the system which enables the DEM to analyse the mechanics of granular materials at
both micro and macro levels.
The dynamic behaviour of the granular assembly is simulated in the DEM by a timestepping algorithm, utilising a central-difference scheme to integrate accelerations
and velocities. The time-step in the DEM is generally selected so small that, during a
single time-step, disturbances cannot propagate from any particle further than its
immediate neighbours. As a result, forces imposing on any particle in a stress system
are computed by its interaction with the neighbouring particles with which it is in
contact. The contact forces and displacements of particles are determined by
monitoring the movements the individual particles. Specified wall and particle
motion and/or body forces induce the propagation through the particle system of
disturbances resulting in the movements of particles (Itasca 2008). This is a dynamic
process in which the speed of propagation depends on the physical properties of the
discrete assembly.
The DEM uses an explicit numerical scheme that enables it to simulate the nonlinear
interaction of a large number of particles without excessive memory requirements or
the need for an iterative procedure. The calculation executed in the DEM utilises the
Newton’s second law to the particles and a force-displacement law at the contacts.
The Newton’s second law is applied to calculate the motion of each particle arising
from the contact and body forces imposing on it. The force-displacement law is
utilised to update the contact forces arising from the relative motion at each contact
(Itasca 2008). Further details regarding to the calculation algorithm applied in the
DEM are presented in the following sections.
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5.2.1

Particle Flow Code in Three Dimensions (PFC3D)

Particle Flow Code in three dimensions (PFC3D) models the movement and
interaction of spherical particles, as described by Cundall and Strack (1979). The
model consists of discrete particles that displace independently from one another and
interact only at contacts or interfaces between the particles. The particles are treated
as rigid bodies and have a negligible contact area (i.e. at a point). A soft contact
approach is used in the contacts allowing the rigid particles to overlap one another at
contact points and the extent of the overlap is related to the magnitude of contact
forces governed by the force-displacement law. In PFC3D, all particles are spherical;
however it is also possible to create particles of arbitrary shape by connecting two or
more spheres together using the clump logic described in Section 5.2.4. Each clump
composes of a number of overlapping spheres and acts as a rigid entity with a
deformable boundary (Itasca 2008). Furthermore, it is possible to bond particle
together and model fracture of rock mass or breakage of granular materials when the
bonds break, which was used by Indraratna et al. (2010c) to capture ballast breakage.
The mathematical background and conceptual models of PFC3D are presented in the
following sections.
5.2.2

Calculation Cycle

The DEM keeps track of the motion of individual particles and updates any contact
with neighbouring particles using a constitutive contact law. The calculation cycle in
PFC3D is a time-stepping algorithm that composes of the repeated application of the
Newton’s second law of motion to each particle and a force-displacement law to each
contact, and a constant updating of wall positions (Itasca 2008). The integration of
the law of motions provides the new particle positions and, therefore, the contact
displacements (and velocities). The contact force displacement law is then used to
obtain the new contact forces, which are to be applied the particles in the next timestep. Also the wall positions are updated based on the specified wall velocities. The
calculation cycle employed in PFC3D is illustrated in Figure 5.1.
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Figure 5.1 Calculation cycle in PFC3D (Itasca 2008)

Force- displacement law

The contact force vector Fi can be decomposed into normal component ( Fi n ) and
shear component ( Fi s ) as given by:
Fi  Fi n  Fi s

(5. 1)

The normal contact force vector is calculated by the overlap between two contacting
entities, as given by:
Fi n  K nU n ni

(5. 2)
n

where, K n is the normal stiffness at the contact; U is the normal displacement (i.e.
overlap) and ni is the unit normal vector of the contact plane, as depicted in Figure
5.2.
The shear contact force is determined in an incremental with shear displacement as
given by:
 Fi s   k s  U is

(5. 3)
s

where,  Fi s is the increment in shear force, k is the shear stiffness at the contact and
 U is is the increment in shear displacement and determined as:
127

U is  Vi s  t

(5. 4)

where, Vi s is the shear component of the contact velocity and t is the critical timestep.
Finally, the new shear contact force is computed by accumulating the current shear
force, { Fi s }[ current ] at the contact with the increment in shear force (determined by the
Equation 5.3), as given by:
Fi s  { Fi s }[ current ]   Fi s

(5. 5)

Figure 5.2 Notation used to describe ball-ball contact (adopted from Itasca 2008)
The Newton’s second law (law of motion)

The motion of a single particle is computed by the resultant force and moment
vectors imposing on it. This can be expressed in terms of translational and rotational
motion of the particle. The equation of motion relates the resultant force to the
translational motion is defined as:
Fi  m ( x  g i )

(5. 6)

where, Fi is the sum of all resultant forces imposing on the particle; m is the mass of
the particle; x is the acceleration of the particle at the centre of mass; g i is the body
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force acceleration vector. The other equation of motion relates the resultant moment
to the rotational motion is given by:
M i  H i

(5. 7)

where, M i is the resultant moment acting on the particle, and H i is the angular
momentum of the particle. This relation is referred to a local coordinate system
located at the centre mass of each particle. In case the local system is oriented along
the principal axes of inertia of the particle, then the Equation 5.7 reduces to Euler’s
equation of motion:
(5. 8)
(5. 9)
(5. 10)
,

where,

,

principal axes;
,

,

are the components of the resultant moment referred to the
,

,

are the principal moments of inertia of the particle;

are the angular accelerations about the principal axes. For a system of

spherical particles of radius Rp , Equations 5.7 – 5.10 can be simplified as:
2
2
M i  I i   mR p  i
5


(5. 11)

For a system of clumps consisting of arbitrary shape particles, the equations of
motion are further presented in Section 5.2.4.
The two Equations 5.6 and 5.11 are integrated using centred finite difference scheme
with a time-step of t . The quantities xi , xi ,  i , Fi , and M i are calculated at the
primary intervals of t  nt . The accelerations are computed as:

xi( t ) 

1 ( t t / 2 )
( xi
 xi( t t / 2) )
t

(5. 12)
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i(t ) 

1
( t  t / 2)
(i
 i(t  t / 2) )
t

(5. 13)

Inserting these two equations into Equations 5.6 and 5.11 and solving for the
velocities at time t  t / 2 , results in:

 F (t )
( t  t / 2 )
x i( t  t / 2 )  x i
  i  g i  t

 m

(5. 14)

 M i( t ) 
 t
 I 

i( t  t / 2 )  i ( t t / 2 )  

(5. 15)

Finally, the velocities obtained from Equations 5.14 and 5.15 are used to update the
position of the particle center, as given by:
xi(t  t )  xi

(t )

 x i( t  t / 2 ) t

(5. 16)

The calculation cycle for the law of motion can be summarised as follows. Given the
values of x i( t  t / 2 ) , i ( t  t / 2 ) , xi(t ) , Fi ( t ) and M i( t ) , Equations 5.14 and 5.15 are used to
calculate x i( t  t / 2 ) and i ( t  t / 2 ) . Then Equation 5.16 is used to obtain xi( t  t ) . The
force-displacement law is again used to determine the values of

∆

and

∆

for the next cycle. This law of motion is repeated for every cycle.
5.2.3

Contact Constitutive Model

The constitutive behaviour of a material modelled in PFC3D employing a particular
contact model for each contact. In general, the constitutive model acting on a specific
contact can be classified as: (i) contact stiffness model, (ii) slip model, and (iii)
bonding model. These contact models are described in the following sections.
Contact-stiffness model

The contact stiffness model associates with the contact forces and relative
displacements in the normal and shear directions via the force-displacement law.
PFC3D supports two types of contact stiffness model: linear and simplified Hertz-

Mindlin model (Itasca 2008). The linear contact stiffness model is used in this
research for the benefit of computational time. The linear contact stiffness model is
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defined by the normal and shear stiffness, kn and ks [force/displacement], of the two
contacting entities (particle-to-particle or particle-to-wall). The normal stiffness is a
secant stiffness representing the total normal force to the total displacement, whereas
the shear stiffness is a tangent stiffness relating the increment of shear force to the
increment of shear displacement (Itasca 2008). The contact stiffness model can be
computed by:
(5. 17)
(5. 18)
where, the superscripts [A] and [B] denote the two contacting entities, illustrated in
Figure 5.2.
Slip model

The slip model imposes a relation between shear and normal forces between two
contacting entities, such that they may slip relative to one another. The slip model is
defined by the friction coefficient at the contact, µ [dimensionless], where µ is
chosen to be the minimum friction coefficient of the two contacting entities. The
maximum contact shear force

that the contact can sustain before sliding occurs

is determined by:
μ|

where,

|

(5. 19)

is the normal force at the contact. If |

|

|

|, then slip is allowed to

occur (during the next calculation cycle) by setting the magnitude of

=

through:
/|

|

(5. 20)

Bonding model

The bonding model in the PFC3D allows particles to be bonded together at the
contacts. There are two types of bonding model embedded in PFC3D: contact bond
model and parallel bond model. Both bonds can be envisioned as a kind of glue
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joining the two particles (Itasca 2008). The contact bond can transfer only a force
and is defined by two parameters: normal contact bond strength (
contact bond strength (

and shear

, as shown in Figure 5.3. The contact bond breaks when

either the magnitude of the tensile normal contact force or the contact force exceeds
the given bond strength. On the other hand, the parallel bond can be envisaged as a
column of elastic glue lying on the contact plane, thereby it can transmit both forces
and moments between particles. The bonding model is used to model geogrid
presented in chapter 6. The constitutive behaviour of the parallel bond is similar to
that of the contact bond as illustrated in Figure 5.3.

Figure 5.3 Force-displacement behaviour for contact occurring at a point (adopted
from Itasca 2008)
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The total force and moment associated with the parallel bond are expressed by

and

and can be decomposed into normal and shear components with respect to contact
plane as:
(5. 21)
(5. 22)
where,

,

and

,

are normal and shear component vectors, respectively

and are illustrated in Figure 5.4, where the parallel bond is depicted as a cylinder of
elastic material. The maximum tensile and shear stresses acting on the periphery of
The bond can be calculated (through the beam theory) as::
| |

(5. 23)
(5. 24)

where,

and

periphery of the bond;

are the maximum tensile and shear stresses acting on the
,

and

are the normal, shear forces and moment acting

on the bond, respectively; A and I are the area and the moment of inertia of the cross
section of the bond.
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Figure 5.4 Parallel bond depicted as a cylinder of cementation material (adopted
from Itasca 2008)
5.2.4

Clump Logic

The clump logic provides a method to generate groups of slaved particles to model
arbitrary particle shapes. Particles within a clump may overlap to any extent;
however, contact forces are not generated between these particles. Thus, a clump acts
as a rigid body (with deformable boundary) that will not break apart, regardless of
the forces acting upon it (Itasca 2008).
The basic properties of a clump are its total mass, m; the location of the centre of
clump mass,

; and the moments and products of inertia,

consisted of

particles, each of which has mass,

location,

and

, radius,

. For a clump
, and centroid

, the mass properties are defined by Itasca (2008) as:

∑

(5. 25)
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∑

(5. 26)

∑

(5. 27)

∑

;

j)

(5. 28)

The motion of a clump is determined by the resultant force and moment vectors
acting upon it. Owing to the rigid body of a clump, its motion can be described in
terms of the translational motion of a point in the clump and the rotational motion of
the entire clump. The equation for translational motion can be expressed in the vector
form:
(5. 29)
where,

is the resultant force, the sum of all externally-applied forces acting on the

clump and

is the body force acceleration vector arising from gravity loading. The

equation for rotational motion can be written in the matrix form:
(5. 30)
where,

in which, [M] is the resultant moment about the centre of mass;

and

are the

angular velocity and angular acceleration about the principal axes, respectively. The
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Equations 5.29 and 5.30 are integrated using a centred finite difference scheme as
given in Section 5.2.2.
5.3

Effects of Particle Shape in DEM

For the benefit of computational time, circular and spherical particles are generally
used in two and three dimensions DEM simulation, respectively (Cundall and Strack
1979; Ting et al. 1989; Bathurst and Rothenburg 1992; Cundall and Hart 1992;
Wang et al. 2007; Wang and Gutierrez 2010), among others. It is well known that the
granular materials (e.g. gravel or ballast) are of arbitrary shapes and sizes in nature
which can provide interlocking and rotation resistance. Oda et al. (1985) reported
that circular particles may be too idealised to capture the shape characteristics of soil
behaviour. Frossard (1997) presented that the spherical particles exhibit a
pronounced influence on the dilation of specimen. Oda and Iwashita (1999) later
argued that due to insufficient interlocking and inevitable excessive rolling, spherical
particles are usually unable to model granular particles that are by nature, irregular or
angular. There have been several approaches introduced to model irregular shape of
granular materials and can be classified into: (i) restraining the particle rotation
(Cundall 1971; Ng and Dobry 1992; Ng and Dobry 1994; Ni et al. 2000); (ii)
employing non-circular/non-spherical particles (Rothenburg and Bathurst 1992; Ting
et al. 1993; Lin and Ng 1997; Favier et al. 1999; Ni et al. 2000; O'Sullivan and Bray
2003; Yan 2008), among others. The following sections briefly describe these
methods.
5.3.1

Restraining the Particle Rotation

Iwashita and Oda (1971) applied the DEM to study the influence of particle rolling
restraint and indicated that the assembly with particle rotations restrained exhibits a
higher shear strength and void localisation compared to the assembly with free
particle rolling. Ting et al. (1989) investigated the effect of individual particle
rotation and indicated that the particle rotation is a main factor governing the strength
and deformation of granular materials. Ng and Dobry (1994) reported an increase of
19o (from 14o to 33o) in the mobilised friction angles was observed for the assembly
when the particle rotation was prevented completely compared to assembly using
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disks without rotational restraint. Suiker and Fleck (2004) simulated a series triaxial
test using DEM to examine the effect of particle rotation and interparticle friction.
They concluded that when the particle rotation is prevented, the DEM model exhibits
greater stress level than the unrestrained particle rotation at a given strain. They also
indicated that both friction angle and dilatancy angle increase when particle rotation
is prevented, as shown in Figure 5.5.

Figure 5.5 Contact friction angle versus macroscopic friction angle and dilatancy
angle at steady-state collapse (adopted after Suiker and Fleck 2004)

5.3.2

Application of Non-circular/spherical Particle by Clump Logic

Rothenburg and Bathurst (1992) applied two-dimensional elliptical particles to
model sand material and they indicated that there is a difference in strength between
the elliptical and circular particle assemblies. Favier et al. (1999) introduced the
multisphere method to model irregular shape particles by overlapping spheres which
are fitted to the surface contour of the real particle shape. This method has also been
applied later by Zhang and Vu-Quoc (2000); Vu-Quoc et al. (2000) and Favier et al.
(2001). Ting et al. (1993) reported that use of discs or spheres results in significantly
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low particle internal friction angles compared to real materials. They attempted to
use the ellipse-shaped particles in discrete element modelling and reported that the
ellipse-based DEM results in mechanical behaviour that is, both qualitatively and
quantitatively, similar to the behaviour of real soils. Yan (2008) simulated direct
shear tests of assemblies with spherical and elongated particles in DEM and
concluded that assembly consisted of elongated particles experiences significantly
higher ultimate shear strength and slightly less dilation compared to the assembly
made of spherical particles.
Although elliptical particle can more realistically model particle shapes, it results in
significant computation time associated with contact detection (Lin and Ng 1995).
To overcome this drawback, some researchers attempted to bond numbers of circular
disks together to form a clump or cluster which rotates significantly less than circles,
thereby increasing the strength of granular materials (Jensen et al. 1999; Thomas and
Bray 1999). Hossain et al. (2007) attempted to model railway ballast shape by
clumps 2 to 9 particles in different sizes, as shown in Figure 5.6. They indicated that
the DEM model can capture the breakage and deformation behaviour of ballast.
Recently, Indraratna et al. (2010c) proposed a novel method to model a two
dimensional projection of real ballast aggregates by utilising the clump logic. The
representative ballast particles of different sizes and shapes were selected. Then their
photographs were taken and imported to AutoCAD and filled with tangential circles
to model ballast particles in DEM, as shown in Figure 5.7. Further details of the
method were elaborated by Pramod (2011). They concluded that the DEM model of
more realistic ballast shapes captures ballast behaviour during cyclic loading similar
to those measured experimentally.

138

Figure 5.6 Particle size and shape used to model railway ballast in DEM (modified
after Hossain et al. 2007)
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Figure 5.7 Representative ballast particles for DEM simulation (modified after
Indraratna et al. 2010c)

5.4

Use of PFC3D to Model Railway Ballast

The entities representing the particles in PFC3D are spheres. Due to insufficient
interlocking and inevitable excessive rolling, spherical units are usually unable to
model granular particles that are by nature, irregular or angular (Oda and Iwashita,
1999). Lim and McDowel (2005); Lu and McDowel (2007); Ferellec and McDowel
(2008); Lu (2008); Thakur et al. (2010) have attempted to model the complex shapes
of particles in DEM by ‘clump logic’, i.e. a method of forming irregular particles by
connecting and overlapping a number of spheres of different sizes, and by assigning
the corresponding radii and coordinates (Itasca, 2008). Lim and McDowell (2005)
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used DEM to model ballast aggregate subjected to particle crushing tests, oedometer
tests and box tests. Ballast particle shape simulated by bonding small balls together
to build agglomerates of ballast-sized particles or by clumping of overlapping balls
(Figure 5.8). They indicated that the DEM was able to model the fracture and
interlock of ballast particles. A similar finding was observed by McDowell et al.
(2006) when they used both spheres eight-ball cubic clumps for modelling of largescale triaxial tests. McDowell et al. (2006) reported that due to particle breakage was
not considered in the simulations, dilation rather than compression was obtained at
high confining pressures, compared to the experimental results reported by
Indraratna et al. (1998). Recently, Lu and McDowell (2010) used clumps of ten
spheres in a tetrahedral shape bonded with eight small balls (asperity) to simulate
ballast particles, as shown in Figure 5.9. They used those clumps to simulate the
static and cyclic triaxial tests and compared to experimental results and found that
the results were somewhat comparable. However, the clumps developed in the
above-mentioned simulations were simple cubic clumps of eight to ten spheres;
thereby their shapes did not represent the real railway ballast particles. The following
section presents a procedure to model more realistic ballast particle shape by utilising
from ten to twenty overlapping spheres of different sizes to form complex clumps
representing real ballast particles.

Figure 5.8 An eight-ball cubic clump (adopted from Lim and McDowell 2005)
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Figure 5.9 A ten-ball triangular clump with eight small asperities bonded (adopted
from Lu and McDowell 2010)
5.5
5.5.1

Modelling Ballast Particles Shape
Modelling Procedure

An irregularity of ballast particle in this study was modelled by clumping of many
small spheres together as depicted in Figure 5.9. Small spheres were generated and
overlapped together according to the configuration of an irregular particle. The
clump behaves like a rigid body where the internal contacts are ignored. In this
study, to model typical ballast shapes, nine distinct particle shapes, namely CL1 to
CL9, with sizes ranging from 9.5mm to 40mm (similar to sizes of ballast tested)
were introduced. The typical particle shapes selected from real ballast aggregates
were mimicked by assembling a number of spherical balls as described elsewhere by
Indraratna et al. (2010c). Considering to the time consumed for clump calculation,
ten to twenty small spheres are selected to build a clump. Table 5.1 shows the radius
and coordinates of theses spheres constituting clumps CL1 and data for other clumps
(CL2 to CL9) are presented in Appendix B. The size of DEM particles was
influenced by the largest dimension of each particle of ballast and its angularity. A
sub-routine using MATLAB code was created to build particle templates. The data
obtained from the sub-routine, including the radii and coordinates of spherical balls
in a Cartesian system, were then exported to PFC3D. An additional sub-routine was
written in FISH language to build a library of nine representative ballast shapes.
Figure 5.10 shows the images of particle shapes generated for the DEM simulation.
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Figure 5.9 Typical ballast particle tested in the study and illustration of the ballast
particle using clump

Table 5.1 Radii and coordinates of spheres constituting clumps CL1

Clump
No.
CL1

Sphere
No.
1
2
3
4
5
6
7
8
9
10

Sphere coordinates (m)
Sphere radius (m)
0.0103602
0.0086347
0.0087096
0.0066426
0.0059068
0.0062582
0.0102880
0.0086473
0.0082721
0.0081911

X
-

0.0093919

-

0.0138011
0.0141077
0.0039717
0.0170588
0.0220009
0.0024786
0.0120710
0.0120898
0.0008567

-
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Y

-

-

0.0021490
0.0040540
0.0008398
0.0060843
0.0002847
0.0020074
0.0020144
0.0017406
0.0051856
0.0044795

Z
-

-

0.0000430
0.0005941
0.0017385
0.0037361
0.0052729
0.0020119
0.0002913
0.0000553
0.0005573
0.0003961

CL1

CL4

CL7

CL3

CL2

CL5

CL8

CL6

CL9

Figure 5.10 Library of ballast particle shapes simulated in DEM
5.5.2

Modelling Large-scale Shear Box in PFC3D

A large scale shear box 300mm long ×300mm wide × 200mm high, and separated
horizontally into two equal boxes, was simulated using nine rigid walls. A free
loading plate that allowed the particles to be displaced vertically during shearing was
placed on the top boundary. This plate was used to apply a normal load and monitor
normal displacement during shearing. Two additional wings were attached to the
upper and lower halves of the box to prevent particles from escaping the shear box
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during shear. A total of 8281 spherical particles with sizes ranging from 9.5mm to
40mm were generated in order to simulate actual ballast gradation tested in the
laboratory. Irregular shaped particles were generated by ‘clumping,’ as stated earlier,
using the sub-routines developed by the Authors. Particles were generated in the
shear box at random orientations to resemble experimental conditions. The void ratio
of the assembly representing the initial condition of the test specimen was controlled
at 0.82 (i.e. porosity of 45%), similarly to ballast samples conducted in the
laboratory. The DEM simulation of this direct shear box for fresh ballast is shown in
Figure 5.11. A set of micro-mechanical parameters adopted for DEM simulation of
fresh ballast were given in Table 5.2. A linear contact model, following previous
studies, was used for the numerical simulations (e.g. Thakur et al. 2010; Indraratna et
al. 2010c; McDowell et al. 2006).

Figure 5.11 Initial assembly of large-scale direct shear test with irregular shaped
particles for fresh ballast
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Table 5.2 Micro-mechanical parameters adopted for ballast and shear box boundary
walls in DEM
Micromechanical parameters

Values

Contact normal stiffness, kn (N/m)

0.52 x 108

Contact shear stiffness, ks (N/m)

0.52 x 108

Inter-particle coefficient of friction, µ

0.8

Contact normal stiffness of wall-particle, kn-wall (N/m)

1 x 108

Shear stiffness of wall of wall-particle, ks-wall (N/m)

1 x 108

Particle density (kg/m3)

2700

The assembly was then cycled to reach equilibrium and to facilitate particles forming
contacts with each other while keeping the void ratio of the assembly constant. The
normal stress applied was kept constant by adjusting the position and velocity of the
top plate using a numerical servo-control mechanism. The servo-control mechanism
described by Itasca (2008) is presented in Appendix A. Similar to laboratory
conditions, the lower part of the shear box was allowed to move horizontally at a
velocity of 0.1x10-4 mm/time step, while the upper section was fixed (Figure 5.12).
This relatively low shearing rate was not enough to unduly disturb the assembly, but
still attain an acceptable convergence rate. Each simulation was sheared to a
horizontal displacement of 40mm (i.e., the maximum horizontal displacement
observed in the tests). During shearing, the displacement of the top plate was
recorded to determine the associated change in volume, and a sub-routine was
developed to capture the resultant forces generated at the walls in the upper section
of the shear box.
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Figure 5.12 Schematic diagram of forces acting in the direct shear box (not to scale)

5.5.3

Computational Procedures

As shown in Figure 5.12, the shear force

can be calculated by considering the

equilibrium of forces in a horizontal direction. The normal force

acting on the

shear band is the sum of the applied normal load

, the weight of ballast in the

upper box

. Therefore, the shear force

and the weight of the top load plate

and the normal force

acting on the horizontal shear plane can be calculated as

follows:
∑

(5. 31)
(5. 32)

In the above,
the upper box, and

is the normal force acting on the left and right hand side walls of
is the shear force acting on the upper box. The upper box has

four walls and a top plate, hence the total wall number
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5. The length and

width of the shear box are L and Bw, respectively. If the box is sheared at a velocity
of v, then at any time t, the contacted shearing area of the shear band incorporating
the shear displacement is Bw(L−vt). The normal and shear stresses are now readily
computed as:
(5. 33)
(5. 34)

B

where,

and

are the normal and shear stresses, respectively.

The bulk coefficient of friction is then calculated by:
(5. 35)
This DEM model was used to simulate fresh and coal-fouled ballast subjected to
different normal stresses, ranging from 15 kPa to 75 kPa, under varying fouling
levels. The DEM simulation results are presented and discussed in Chapter 6.
5.6

Modelling Geogrid in DEM

In this section, the use of DEM to model a biaxial geogrid to reinforce the railway
ballast is presented. A biaxial geogrid with aperture of 40 x40 mm, similar to the
geogrid tested in the laboratory (Chapters 3 and 4), was modelled by attaching a
number of spherical balls together. To approximately mimic the geogrid geometry,
the geogrid were modelled by using bonded particles of 2.00 mm radius at a rib and
4.00 mm radius at the junction, as shown in Figure 5.13. The contact bond strength
and parallel bond strength between particles modelling the geogrid corresponding to
its tensile strength were determined by tensile testing presented in the following
section.
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rib
junction

Figure 5.13 Typical biaxial geogrid modelled in DEM

5.6.1

Calibration of the Geogrid

The micromechanics parameters (e.g. contact normal stiffness kn, contact shear
stiffness ks, inter-particle friction coefficient, µ) of materials are usually calibrated
using known responses of the materials in a macro scale. In this study, the
micromechanics parameters of the biaxial geogrid (aperture size 40 x 40 mm) were
calibrated by using tensile tests of the geogrid in laboratory, as shown in Figure 5.14.
In the laboratory, the geogrid was tested using an INSTRON tensile apparatus
following ASTM Standard D6637 (2011), as illustrated in Figure 5.14. The geogrid
was fixed at one end and the other end was pulled with the increased load until
geogrid broken. The tensile strain (i.e. geogrid extension) corresponding to tensile
load imposed on the geogrid was monitored during testing and these data were used
for the calibration. The micromechanics parameters adopted for the calibration of the
geogrid are given in the Table 5.3.
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Velocity V
Figure 5.14 Tensile testing for biaxial geogrid and DEM simulation
In DEM, the two junctions of geogrid were given a small velocity (V) of 1x10-8
m/step and the resulting forces were recorded in the model. The DEM model was
assigned an elastic spring at the contact of the balls using contact-bond model. The
results obtained from the DEM model were compared with data measured in the
laboratory. It is also noticed that the simulation of tensile test using DEM to calibrate
the micro-parameter for the geogrid was limited to the elastic range. Figure 5.15
shows a reasonable agreement between the DEM simulation and the laboratory
results indicating that the parameters adopted in Table 5.3 are acceptable. These
micro-mechanics parameters of geogrid were used for the simulation of large-scale
direct shear test of fresh ballast reinforced with geogrid presented in Chapter 6.
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Table 5.3 Micro-mechanics parameters of geogrid adopted for DEM simulation
Parameter

value

Particle density

800 kg/m3

Friction coefficient

0.5

Contact normal stiffness, kn

1.77×107 N/m

Contact shear stiffness, ks

1.77×107 N/m

Contact bond normal strength

75 kN

Contact bond shear strength

75 kN

Parallel bond radius multiplier, rp

0.5

Parallel bond normal stiffness, knp

5.68 ×108 kPa/m

Parallel bond shear stiffness, ksp

5.68 ×108 kPa/m

Parallel bond normal strength, np

456 MPa

Parallel bond shear strength, sp

456 MPa

2.50

Tensile load (KN)

2.00

1.50

1.00

0.50
Experiment
DEM simulation
0.00
0.00

1.00

2.00

3.00

4.00

5.00

Tensile strain (%)

Figure 5.15 Calibration of the geogrid by tension test
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5.7

Chapter summary

The Discrete Element Method (DEM) has been widely used to model the behaviour
of granular materials. The theoretical backgrounds and basic mathematical equations
of the DEM and the PFC3D have been presented. The calculation cycle and governing
equations adopted in PFC3D were described. The Contact constitutive models
(Contact-stiffness model, slip model, and boding model) and the clump logic that
applied to model irregular shape of particles were described. The influences of
particle shapes in DEM and the methods to model irregular shape of granular
materials by restraining rotation of particles and using non-circular/spherical
particles were presented. The use of DEM to model railway ballast was briefly
reviewed with emphasis on modelling the irregular shape of ballast particles.
A library of nine particles representing railway ballast aggregates was modelled
using clump logic. The particles were modelled by filling from ten to twenty balls
together based on the shapes of real ballast. A large-scale direct shear test was
modelled in DEM using rigid walls. The computational procedure to calculate shear
stress and normal stress in the large-scale direct shear box considering the
equilibrium of forces in a horizontal direction was described. The micromechanics
parameters of ballast particles and shear box in this research were adopted based on
calibration of direct shear tests. The biaxial geogrid having aperture of 40 x 40 mm
was modelled by attaching many spherical balls together to form the junctions and
ribs. The micromechanics parameters of the geogrid were selected based on the
calibration of tensile tests for the geogrid. These micromechanics parameters of
particles, walls and geogrid will be used to model large-scale direct shear test
presented in Chapter 6.
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6
6.1

DEM MODEL FOR FRESH AND FOULED BALLAST WITH AND
WITHOUT GEOGRID INCLUSION
Introduction

This chapter presents the results and discussion of three-dimensional discrete
element method (DEM) that was used to study the shear behaviour of fresh and coal
fouled ballast in direct shear testing. The volumetric changes and stress-strain
behaviour of fresh and fouled ballast were simulated and compared with the
experimental results. ‘Clump logic’ in Particle Flow Code (PFC3D) incorporated in a
MATLAB Code was used to simulate irregular shaped particles in which groups of
ten to twenty spherical balls were clumped together in appropriate sizes to simulate
ballast particles. A part of this code is presented in Appendix C. Fouled ballast with
various Void Contaminant Index (VCI), ranging from 20%VCI to 70%VCI, were
modelled by injecting a specified number of miniature spherical particles into the
voids of fresh ballast. The DEM simulation captures the behaviour of fresh and
fouled ballast as observed in the laboratory showing that the peak shear stress of the
ballast assembly decreases and the dilation of fouled ballast increases with an
increasing of VCI. Furthermore, the DEM also provides insight to the distribution of
contact force chains and particle displacement vectors, which cannot be determined
experimentally. These micromechanical observations clearly justify the formation of
a shear band and the evolution of volumetric changes during shearing. The reduced
maximum contact force associated with increased particle contact area due to fouling
explains the decreased breakage of fouled ballast. An acceptable agreement was
found between the DEM model predictions and laboratory data.
A biaxial geogrid with aperture size of 40 x 40 mm was also modelled by connecting
spherical particles together and used to reinforced ballast. A series of large-scale
direct shear tests of fresh ballast reinforced with the geogrid were simulated to
investigate the benefit of geogrid in increasing shear strength and decreasing ballast
dilation. Additionally, the discrete element method (DEM) was also used to model
fresh and fouled ballast subjected to cyclic loading. The Track Process Simulation
Apparatus (TPSA) was also simulated in plane strain condition using Particle Flow
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Code (PFC2D). The deformation and breakage behaviour of fresh and fouled ballast
subjected to cyclic loading were captured and compared to data measured
experimentally presented in Chapter 4.
6.2

Shear Stress-strain and Volumetric Change Analysis

DEM simulations were conducted to model fresh ballast subjected to three different

normal stresses of 27kPa, 51kPa, and 75kPa. The shear stress and volumetric
changes were monitored during shearing. Figure 6.1 shows the plots of shear stress,
shear strain, and volumetric strain of the fresh ballast obtained by DEM, compared to
the laboratory data reported in Chapter 4. The predicted results at all normal stresses,
agreed with the experimental results. The strain softening behaviour of ballast
follows a similar trend with other rockfill aggregates of comparable sizes (Marsal
1967; Charles and Watts 1980; Indraratna et al. 1993), among others. Volumetric
dilation was also observed in all simulations, whereby the greater the normal
stress

, the higher the peak stress and the smaller the dilation, as expected. The

DEM analysis shows a noticeable discrepancy in stress-strain curves, i.e. markedly

decreased stress and retarded dilation shown by the experimental data at a shear
strain of 4-8% compared to the predicted line. This difference may be attributed to
some particle degradation that could not be accurately captured in the DEM
simulation. Indeed, owing to the breakage of ballast aggregates, the reduction in
shear strength would also be accompanied by a decrease in dilation (i.e. increased
compression of the assembly of smaller particles). Lackenby et al. (2007) also
demonstrated that particle breakage would increase the compression of the granular
assembly followed by increased in dilation upon further shearing, which is in
agreement with the experimental data plotted in Figure 6.1. Similar behaviour is also
observed in Figure 6.8 to 6.10 presented later for fouled ballast.
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Figure 6.1 Comparisons between the DEM simulation and experiment for fresh
ballast at 3 normal stresses of n = 27kPa, 51kPa, and 75kPa, (a) shear stress versus
shear strain, (b) volumetric strain versus shear strain
6.3

Contact Force Distribution and Particle Displacement

Figure 6.2 presents the distribution of contact force chains at various shearing stages
for a DEM simulated test with a normal stress of 51kPa. Contact forces between
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particles were plotted as lines whose thickness is proportional to the magnitude of the
force. Figure 6.2 also illustrates how the applied load was transmitted within the
particle assembly. At its initial state (s=0%), the contact forces were distributed
uniformly throughout the assembly and transmitted vertically from the top to the
bottom of the shear box when normal stress was applied, but as shearing progressed,
the contact forces intensified from the bottom left to the top right corner, as shown in
Figure 6.2 (b)-(d). At the end of shearing, Figure 6.2d shows the lowest contact force
magnitude compared to Figure 6.2b and Figure 6.2c. This can be attributed to a
reduced coordination number (the average number of contacts per particle)
associated with an increase in dilation of the ballast assembly.
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(a) s=0%
No. of contacts: 73,397
Maximum contact force: 231N

(b) s=3%
No. of contacts: 95,585
Maximum contact force: 1150N

(d) s=13%
No. of contacts: 69,017
Maximum contact force: 1080N

(c) s=6%
No. of contacts: 71,999
Maximum contact force: 1189N

Figure 6.2 Distribution of contact forces in fresh ballast for a normal stress of 51kPa,
(a) at shear strain s = 0%, (b) at shear strain s = 3%, (c) at shear strain s = 6%, (d)
at shear strain s = 13%
The evolution of displacement vectors at shear strains of 3% and 13% at an applied
normal stress of 51kPa are presented in Figure 6.3a and Figure 6.3b, respectively. At
3% shear strain (Figure 6.3a), while particles in the lower box displaced horizontally,
particles in the upper box moved downwards causing densification (compression) of
the granular assembly. On the other hand, at much higher shear strain (e.g. 13%),
particles in the upper box tended to displace upwards (Figure 6.3b) causing dilation.
These micro-mechanical observations clearly present the insightful evolution of
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volumetric changes during shearing within a granular medium where a continuum
mechanics approach is unable to deliver the same level of clarity.
During the process of shear box testing, the shear plane usually propagates
horizontally at low shear strains. However, at a relatively large shear strain > 10%,
the intensity of inter-particle contact forces as determined by DEM tend to be
inclined to the direction of shear strain (Figure 6.3c). The DEM analysis shows that
during shearing the particles of ballast at the rear of shear box displaced downwards
while particles at the front displaced upwards. Volumetric strain was not distributed
uniformly within the ballast assembly because dilation tends to occur at the front of
the shear box and compression at the back. This can be attributed to a contact force
chain that forms in the shear band where the particles within the shear band are
displaced and rotate more than those outside the shear band (Cui and O’Sullivan,
2006 and Zhang and Thornton, 2007). In this aspect, our understanding of
conventional shear plane propagation in relation to continuum mechanics is different
to the micro-mechanical implications of potential shear banding governed by interparticle movement, contact force distribution, and associated principal stress
relationships. This disparity between continuum mechanics and micro-mechanics has
been further elaborated on by Liu (2006), Wang et al. (2007) and O’Sullivan (2011).

a

b
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c

Figure 6.3 Displacement vectors of particles in the shear box for a normal stress of
51kPa, (a) at a shear strain s = 3%, (b) at a shear strain s = 13% and (c) a schematic
diagram of the conceptual movement of ballast particles in direct shear testing

6.4

Further validation of the DEM Model

The same DEM model was validated by simulating the additional direct shear tests
conducted at significantly higher normal stresses of 170kPa, 241kPa and 310kPa by
Huang et al. (2009a). Figure 6.4 presents the comparisons of predicted and measured
shear stress-strain behaviour of fresh ballast. A good agreement can be found
between the DEM predictions and the experimental results. There was strain
hardening at the highest normal stress of 310kPa, which was well predicted by the
DEM simulation. At lower normal stresses, the experimental data of Huang et al.

(2009a) indicated strain softening. Except for the lowest normal stress of 172kPa,
where the DEM prediction tended to overestimate the shear stress, the strain
softening behaviour for

241kPa shows an acceptable agreement between the

numerical simulation and test data. As Lackenby et al. (2007) explained, particle
breakage and associated load drop can be significant at low normal or confining
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stress levels, but for the laboratory data in particular, the drop in shear stress at a
shear strain of 4-8% may be attributed to some degradation of the particles.
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Figure 6.4 Comparisons of shear stress – shear strain between a DEM simulation and
an experiment of a large-scale direct shear test for fresh ballast, as reported by Huang
et al. (2009a)

6.5

DEM Simulation for Fouled Ballast

Huang et al. (2009b) and Huang and Tutumluer (2011) presented a method to
simulate fouled ballast in DEM by reducing the inter-particle coefficient of friction.
This method is capable of capturing the stress-strain behaviour of fouled ballast
within a reasonable computational time frame, but it did not examine the volumetric
changes (either dilation or compression) of ballast at varying levels of fouling. A few
past studies, including Ni et al. (2000) and Lu and McDowell (2008), suggested that
depending on the extent to which inter-particle friction was reduced, the granular
assembly could undergo less dilation. The tendency to dilate is also a function of the
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initial distribution of particle sizes, initial compacted density, degree of fouling,
applied confining pressure, and the rate of particle breakage, among others. In this
study, the extent of dilation for the type of ballast and gradation given was
predominantly a function of normal stress and to a lesser extent, by the degree of
fouling (Figure 6.5). For a level of fouling less than VCI=40%, the maximum dilation
at a given normal stress was relatively unaffected, while dilation at higher levels of
fouling increased slightly. This was not surprising because when compacted, coal
fouling is relatively incompressible, but during shearing at high VCI, the coal fines
that fill the voids may impede the grains of ballast from re-packing and thereby
promote dilation. Apart from decreasing the pore space between the grains of ballast,
compacted coal fouling may even dilate itself and force the ballast to segregate and
dilate.
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Figure 6.5 The variation in maximum dilation (at the end of shearing) of fouled
ballast with various VCIs ranging from 0% to 95%, measured experimentally
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6.5.1

Proposed Method for Modelling Fouled Ballast in DEM

Fouling is caused by fine particles that accumulate in the voids of ballast. Therefore,
fouled ballast should ideally be simulated in DEM by injecting various amounts of
fine particles into the voids to represent different values of VCI (Figure 6.6a). Owing
to fouling material between the individual rough and angular particles of ballast, the
inter-particle friction angle is expected to decrease (Figure 6.6b). This reduction in
the apparent angle of friction was evaluated experimentally and presented in Figure
6.7. The reduction of the inter-particle coefficient of friction (µ) in DEM was
approximately determined based on the decrease in the apparent angle of friction of
fouled ballast measured experimentally, as shown in Figure 6.7. In this DEM study,
coal fines were simulated by 1.5mm spheres, which was similar to d50 of coal fines
conducted in the laboratory, generated within the voids of fresh ballast. The values of
normal and shear stiffness (kn and ks) required for the DEM analysis are always
difficult to determine correctly, so in order to obtain some acceptable values of kn
and ks, a conventional shear box test (60mm × 60mm × 25mm) was conducted on
compacted coal fouling with a density of 1280kg/m3. By varying the kn and ks values
in the DEM simulation to match the shear stress-strain plots obtained for direct shear
testing, kn=ks=1.27x104 N/m was found to be appropriate. The relevant micromechanical parameters (kn, ks, µ) for varying the VCI are shown in Table 6.1, where
the increased VCI is represented by an increased number of small spheres that mimic
the fouling particles.
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Ballast aggregate

Coal fouling

Fresh ballast

Fouled ballast

(a) small spherical balls added to simulate fouled ballast

Fresh ballast, inter-particle friction angle 

Fouled ballast, inter-particle friction angle ’

(b) inter-particle coefficient of friction reduced to simulate fouled ballast

Figure 6.6 A combined method for modelling fouled ballast, (a) small spherical balls
added to simulate fouled ballast, (b) inter-particle coefficient of friction reduced to
simulate fouled ballast
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Figure 6.7 Effect of VCI on the apparent angle of shearing resistance of fouled
ballast, measured experimentally
Table 6.1 Micro-mechanical parameters adopted for coal fines to simulate fouled
ballast at a specific VCI
VCI

Contact

Contact

Inter-particle

Number

(%)

normal

shear

coefficient of added

stiffness,

stiffness,

friction

kn (N/m)

ks (N/m)

coal fine, µ

of to

of Inter-particle
balls coefficient of

simulate friction

fouling

of

fouled ballast
assembly

4

4

20

1.27 x 10

1.27 x 10

0.2

72,833

0.72

40

1.27 x 104

1.27 x 104

0.2

145,665

0.65

70

1.27 x 104

1.27 x 104

0.2

252,113

0.58

Large scale direct shear of fouled ballast at three different normal stresses of 15kPa,
27kPa, and 75kPa were simulated using DEM. Figures 6.8-6.10 show the
comparisons between DEM simulation and experimental results where VCI=20%,
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40%, and 70%, respectively. It is evident that the shear stress-strain curves predicted
by DEM simulation generally agree with those measured experimentally. The DEM
simulation also predicted that the ballast would soften under strain at all levels of
fouling and dilate significantly when the shear strain exceeded 5%. As expected, the
peak shear stress decreased with an increase in VCI at every level of applied normal
stress. As mentioned earlier, coal fouling would reduce the inter-particle friction of
fresh ballast by coating the surfaces of rough aggregates, causing a reduction in shear
strength. All the samples were compressed at the beginning of the test, followed by
significant dilation. At a relatively low applied normal stress (15kPa), dilation
occurred almost from the beginning of shearing, whereas significantly less dilation
occurred at the highest applied normal stress (

75

.

Not surprisingly, there is some disparity in volumetric strains between the numerical
predictions and laboratory data. This can be attributed to differences in particle
angularity between the DEM simulation and laboratory observations, as well as
particle degradation not considered in the current DEM analysis. McDowell et al.
(2006) also observed similar differences in volumetric strain between DEM and
experimental data for tri-axial testing. Irrespective of the efforts made in DEM to
clump particles together to mimic irregular or angular ballast used in real rail tracks,
accurate representations of the sharp corners of blasted aggregates and their surface
roughness will always remain a key challenge to the DEM modeller. Dilation that
depends on size and shape, and the nature of particle degradation depending on the
applied stresses and shearing rates, will require further insight into micro-mechanical
modelling to make further improvements in the DEM.
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Figure 6.8 Comparisons between the DEM simulation and experiment for 20%VCI
fouled ballast at 3 normal stresses of n = 15kPa, 27kPa, and 75kPa, (a) shear stress
versus shear strain, (b) volumetric strain versus shear strain
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Figure 6.9 Comparisons between the DEM simulation and experiment for 40%VCI
fouled ballast at 3 normal stresses of n = 15kPa, 27kPa, and 75kPa, (a) shear stress
versus shear strain, (b) volumetric strain versus shear strain
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Figure 6.10 Comparisons between the DEM simulation and experiment for 70%VCI
fouled ballast at 3 normal stresses of n = 15kPa, 27kPa, and 75kPa, (a) shear stress
versus shear strain, (b) volumetric strain versus shear strain

6.6

Distribution of Contact forces in Fresh and Fouled Ballast

Figure 6.11 shows the evolution of chains of contact force in fresh and fouled ballast
at VCIs ranging from 0% to 70%, at a normal stress of 51kPa. The maximum contact
forces and number of contacts for each simulation in the assembly are shown in
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Figure 6.12. While the number of contacts increases significantly with an increased
VCI, the maximum value of contact forces decreases with an increasing VCI. When

there are coal fines in the voids, the applied load does not only transmit through the
large aggregate skeleton but also across the fine coal particles. This results in a
reduced maximum contact force magnitude corresponding to a higher number of
particle contacts. Consequently, a more uniform distribution of stress is expected in
the fouled ballast, as reflected by the distribution of a more dense contact force. The
greater the VCI, the more prominent will be the corresponding uniform distribution
of contact forces over a larger number of contacts, a result that may reduce ballast
breakage by diminishing the intensity of stress concentrated in the fouled ballast
matrix. In addition, the reduced contact forces for fouled ballast (Figure 6.12),
possibly explains the increased dilation behaviour referred to earlier in the thesis.
These micro-mechanical observations obtained from DEM clearly explain the
reduced breakage of fouled ballast compared to fresh ballast as measured
experimentally.
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(a) VCI=0%
No. of contacts: 95,585
Maximum contact force: 1150(N)

(b) VCI=20%
No. of contacts: 285,445
Maximum contact force: 839(N)

(c) VCI=40%
No. of contacts: 519,818
Maximum contact force: 560(N)

(d) VCI=70%
No. of contacts: 936,450
Maximum contact force: 414(N)

Figure 6.11 Evolution of the distribution of contact forces in fresh and fouled ballast
at various VCIs (at 3% shear strain), (a) 0% VCI, (b) 20%VCI, (c) 40% VCI and (d)
70% VCI
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Figure 6.12 Variation of the number of contacts, and the maximum contact force for
fresh and fouled ballast at various VCIs ranging from 0% to 70%, at 3% shear strain

6.7

DEM of Ballast and Geogrid in Large-scale Direct Shear Test

The effects of geogrid to improved ballast shear strength and reduce dilation were
presented in the Chapter 4. This section presents results and discussion of ballast
reinforced with geogrid using DEM simulation. The DEM model of large-scale direct
shear box presented in the Section 5.5.2 was adopted to model direct shear test with
ballast and geogrid, as shown in Figure 6.13. Following the process conducted in the
laboratory, the bottom half of the shear box was initially filled with ballast grains and
compacted to the specified void ratio adopting the same procedure presented in the
Section 5.5.1. The DEM model of geogrid shown in Figure 5.13 was then placed on
the top of the generated ballast layer at the middle of the shear box. The remaining
ballast particles were then generated on the top half of the shear box. Figure 6.14
shows the DEM model of large-scale direct shear test for fresh ballast with the
inclusion of the geogrid at the middle of the shear box.
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Figure 6.13 DEM model of large-scale direct shear box with the geogrid inclusion
The micromechanics parameters of walls, ballast particles and geogrid were then
assigned (data presented in Table 5.2 and 5.3) and the DEM model was then cycled
until reaching the equilibrium and facilitating interlock between the geogrid and
ballast particles. The normal stress applied was kept constant by adjusting the
position and velocity of the top plate using a numerical servo-control mechanism
(Itasca, 2008). The lower part of the shear box was then moved horizontally at a
velocity of 0.1x10-4 mm/time step, while the upper section was fixed. Each
simulation was sheared to a horizontal displacement of 40mm. During shearing, the
displacement of the top plate was recorded to determine the associated change in
volume, and the shear stress was captured using the subroutines developed in the
Section 5.5.2. Due to interlocking and friction between the geogrid and ballast
particles, tensile force and strain developed across the geogrid. Another subroutine
was developed to capture geogrid strain at specified shear strain, and results are
presented in the following section.

172

Figure 6.14 DEM model of large-scale direct shear test for fresh ballast with geogrid
inclusion
6.7.1

Shear Stress-Strain and Volumetric Change Analysis

DEM simulations of fresh ballast reinforced with geogrid were conducted at three

normal stresses of 27kPa, 51kPa, and 75kPa. Figure 6.15 presents the plots of shear
stress, shear strain, and volumetric strain of the fresh ballast obtained by DEM,
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compared to the laboratory data. It is seen that the results obtained from DEM agreed
with the experimental results at all normal stresses. The strain softening behaviour of
ballast and volumetric dilation were also observed in all simulations, whereby the
greater the normal stress (σn), the higher the peak stress and the smaller the dilation
were observed. The reinforcement effect of gegrid in increasing shear strength of
fresh ballast was captured by comparing with experiment results, as discussed in
Section 4.2.1. Due to the breakage of ballast particles were not captured in this study,
the DEM results experienced some discrepancy with data measured experimentally.
DEM simulations of 40%VCI fouled ballast were also conducted to study shear

stress-strain behaviour of fouled ballast reinforced with geogrid. Figure 6.16 shows
the comparison of shear stress-strain and volumetric change between the DEM
simulation and experiment for 40%VCI fouled ballast reinforced with geogrid at 3
normal stresses of n = 27kPa, 51kPa, and 75kPa. The results clearly show that
results obtained from DEM model are comparable to data measured in laboratory
where strain softening and volumetric dilation of granular material were clearly
captured. It is concluded that the DEM model proposed in this study is able to
capture the shear stress-strain and dilation behaviour of fresh and fouled ballast with
and without geogrid inclusion.
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Figure 6.15 Comparisons between the DEM simulation and experiment for fresh
ballast reinforced with geogrid at 3 normal stresses of n = 27kPa, 51kPa, and 75kPa:
(a) shear stress versus shear strain, (b) volumetric strain versus shear strain for fresh
ballast with geogrid
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Figure 6.16 Comparisons between the DEM simulation and experiment for 40%VCI
fouled ballast reinforced with geogrid at 3 normal stresses of n = 27kPa, 51kPa, and
75kPa, (a) shear stress versus shear strain, (b) volumetric strain versus shear strain
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6.7.2

Contact Force Distribution and Contours of Strain Developed in the
Geogrid

Figure 6.17 presents the contact force distributions of fresh and 40%VCI fouled
ballast reinforced with geogrid at shear strain of 6% for DEM simulated test with a
normal stress of 51kPa. Contact forces between particles were plotted as lines whose
thickness is proportional to the magnitude of the forces. For the purpose of
clarification, only contact forces with magnitude higher than average value of contact
force in the assembly were plotted in Figure 6.17. The 40%VCI fouled ballast (Figure
6.17b) showed a more dense contact chains and reduced maximum contact force than
those for the fresh ballast assembly (Figure 6.17a). This is due to the presence of fine
particles in the fouled ballast where they fill voids of large particles then partially
carry and transmit contact forces across the assembly. It is also seen that at the
shearing plane, contact forces also developed between the geogrid and surrounding
ballast particles which is believed due to the interlocking effect occurring between
ballast and geogrid.
Strains developed in the geogrid were not measured in the experiments due to the
complexity of the installation of strain gauges to geogrids and difficulty to prevent
strain gauges from damage caused by sharp edges of ballast aggregates. However,
they could be captured in the numerical simulation and are presented herein for the
completeness of the simulation results. Taking advantage of DEM simulation,
longitudinal strains (e.g. strain in shearing dierection) developed in across the
geogrid were captured in this study (i.e. by monitoring the displacement of balls
constituted the geogrid). Figure 6.18 shows contours of strain developed in the
geogrid at the end of shear test (shear strain of 13%) for fresh ballast and 40%VCI
fouled ballast and the actual deformed shape of the simulated geogrid at the end of
the test is shown in Figure 6.19. In general, the strains are developed across the
geogrid non-uniformly depending on the interlocking between the geogrid and
ballast particles. The geogrid in 40%VCI fouled ballast assembly exhibited a slightly
lower maximum strain than one in the fresh ballast (i.e. 0.802% strain for fouled
ballast compared to 1.405% strain in fresh ballast). This is justified by the reduced
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interlocking effect of the geogrid and ballast particle due to the presence of coal fines
as discussed in the Chapter 4.

a0%VCI,s=6%
No. of contacts: 78,672
Maximum contact force: 1023N

Contact forces developed
between the geogrid and
ballast

b) 40%VCI,s=6%
No. of contacts: 489,523
Maximum contact force: 516N

Contact forces developed
between the geogrid and
ballast

Figure 6.17 Distribution of contact forces in fresh ballast and 40%VCI fouled ballast
for a normal stress of 51kPa at shear strain s = 6%, (a) Fresh ballast (b) 40%VCI
fouled ballast
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Figure 6.18 Contour strain (in shearing direction) developed across the geogrid in at
the end of shear test: (a) Fresh ballast, (b) 40%VCI fouled ballast
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Figure 6.19 Actual deformed shape of the simulated geogrid at the end of the test for
fresh ballast.
6.8

Modelling Track Process Simulation Apparatus (TPSA) in DEM

This section presents the use of the discrete element method in two dimension
(PFC2D) to model the Track Process Simulation Apparatus (TPSA) presented in
Chapters 3 and 4. The realistic size and shape of grains of ballast and procedures to
simulate them in PFC2D were adopted from Indraratna et al. (2010c) where clusters
of circular bonded particles were used to model irregularly-shaped grains of ballast
(Figure 5.7). The degradation of bonds within a cluster was considered to represent
ballast breakage. The micro-mechanical parameters of ballast grains and walls used
in DEM are presented in Table 6.2. Coal fines were simulated in DEM by injecting
predetermined amounts of 1.5 mm radius particles into the voids to represent a
specific VCI and micromechanics parameters of coal fines were presented in Table
6.3.
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Table 6.2 Micromechanics parameters of ballast particles and walls applied in DEM
simulation of the TPSA

Micro-mechanical parameters

Values

Radius of particle (m)

1.8 x 10-3 - 16 x 10-3

Inter-particle coefficient of friction

0.80

Particle normal and shear contact stiffness (N/m)

3.58 x 108

Normal and shear stiffness of wall (N/m)

3 x 107

Parallel bond normal and shear stiffness (N/m)

6.25 x 1010

Parallel bond normal and shear strength (N/m2)

5.78 x 106

Parallel bond radius multiplier

0.5

Particle density (kg/m3)

2700

Table 6.3 Micro-mechanical parameters of coal fines and number of coal fine
particles generated in DEM
VCI (%)

Number

of Micro-properties of coal fines

coal particles
0

0

Particle normal and shear contact stiffness:

10

1095

kn=ks=1.27x104 (N/m)

20

2190

Inter-particle friction coefficient, =0.2

40

4380

Radius of particle: 1.5 (mm)

70

7665

Particle density = 1280 kg/m3

The DEM boundary conditions to simulate fresh ballast, including a cyclic load
applied onto a sleeper, the lateral confining pressure applied onto vertical walls, and
the vertical pressure induced by the weight of crib ballast filling the gap between the
vertical walls and sleeper, are illustrated in Figure 6.20. The lateral and vertical
pressures of 10 kPa and 2.5 kPa, respectively, were kept constant by adjusting the
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position and velocity of the vertical and top walls using a numerical servo-control
mechanism (Itasca, 2003). Sub-routines developed by Indraratna et al. (2010c) were
then used to apply a controlled stress, cyclic simulation similar to the aforementioned
laboratory testing shown in Figure 3.11. Due to the calculation time, cyclic tests for
fresh and fouled ballast at VCI=10%, 20%, 40%, and 70% were simulated to a
number of load cycles, N=4000, where the majority of ballast deformation and
degradation took place as observed in the laboratory. The purposes of DEM study
were to model the discrete nature of grains and to provide an insight into micro-scale
factors such as particle shape, inter-particle movements, and contact force chains
developed among particles that cannot be otherwise determined, especially during
the initial cycles. The current DEM models based on PFC (Particle Flow Code,
Itasca Ltd.) have obvious limitations where a large number of cycles such as N =
40,000 cannot be simulated even with the super-computer used by the Authors for
this analysis. The Author agrees that it will be interesting to compare DEM with
laboratory data at a large number of cycles. At this stage, it is beyond the scope of
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Figure 6.20 DEM boundary conditions and applied cyclic load to simulate fresh
ballast
Lateral displacements and vertical settlements of the ballast assemblies were
determined by monitoring the movement of vertical and horizontal walls. Figure 6.21
presents a comparison between the predicted and measured lateral displacement,
settlement, and the number of broken bonds with load cycles. The DEM simulation
sufficiently captured the deformation of fresh and fouled ballast subjected to cyclic
loading, which approximately matched the measured data. DEM simulations also
confirmed that the degree of fouling significantly affects ballast deformation. An
increase in VCI resulted in an increase in the lateral displacement of ballast, which
leads to an increased settlement. It can also be seen from Figure 6.21c that the
accumulated number of broken bonds decreased with an increase of VCI, which
supported the ballast breakage measured experimentally shown in Figure 4.14. This
observation is further justified by Figure 6.22 which shows the distribution of contact
forces of fresh and 70%VCI-fouled ballast. It can be seen that when fine particles
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accumulated in voids, the applied load was transferred more uniformly through the
ballast skeleton which distributed the contact forces in fouled ballast more uniformly
than fresh ballast (Figure 6.22b). The contact forces transferred from grains of ballast
through fine particles in the fouled ballast matrix mimic the ‘cushioning effect’ of
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Figure 6.21 Variations of lateral displacement, settlement and number of broken
bonds with load cycles obtained from DEM simulations compared to data measured
experimentally

Figure 6.22 Contact force distributions of ballast at load cycle, N=1000
(a) fresh ballast assembly; (b) 70%VCI-fouled ballast assembly
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6.9

Chapter Summary

This chapter presented results and discussion of numerical modelling using DEM to
model large-scale direct shear box of fresh and fouled ballast with and without the
geogrid inclusion and varying fouling degrees. Irregularly-shaped ballast particles
were modelled by clump logic in Particle Flow Code (PFC3D) by connecting ten to
twenty spherical balls with specified diameters and positions together. Coal fouled
ballast with different Void Contaminant Index (VCI) varying from 20%VCI to
70%VCI was modelled by inserting pre-determined number of 1.5mm-radius balls
into voids of fresh ballast. The geogrid was modelled by connecting many spherical
balls together to form ribs (2 mm- radius) and junctions (4 mm- radius). Results
obtained from DEM simulation were compared with data measured experimentally.
It is then concluded that the DEM model is able to capture stress-strain and dilation
behaviour of fresh and fouled ballast. The stress-strain and dilation curves of fresh
and fouled ballast obtained from DEM simulation are in good agreement with those
obtained in the laboratory. Contact force distributions and particle displacement
vectors of the fresh and fouled ballast were captured to provide more insightful
information about fouled ballast behaviour.
A series of large-scale direct shear test of fresh and 40%VCI fouled ballast were also
modelled in DEM to capture stress-strain behaviour of ballast reinforced with
geogrid. The contours of strain developed across the geogrid were also obtained
where it is often difficult to measure in the expereiment. The (DEM) was also used to
simulate fresh and fouled ballast in the Track Process Simulation Apparatus (TPSA)
subjected to cyclic loading in plane strain condition using Particle Flow Code
(PFC2D). The deformation and breakage behaviour of fresh and fouled ballast
subjected to cyclic loading were captured and compared to data measured in the
laboratory. A good agreement between the DEM simulation and experimental results
was obtained where influences of the level coal fines on ballast deformation and
degradation were captured. The number of broken bonds was monitored and
indicated that this value decreases with an increase of VCI which further supports the
reduced ballast breakage of fouled ballast compared to fresh ballast as observed in
the laboratory.
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7 CONCLUSIONS AND RECOMMENDATIONS
7.1

Introduction

This chapter presents the primary findings of the research and its practical
implications, followed by recommendations for future research. This research
investigates the influences of coal fines and effects of geogrid on the shear stressstrain and deformation behaviour of coal-fouled ballast tracks on the basis of
experimental and numerical studies. A series of large-scale direct shear tests and
novel Track Process Simulation Apparatus (TPSA) were used to study behaviour of
the fresh and coal-fouled ballast with and without the inclusion of a geogrid
subjected to static and cyclic loadings. The DEM modelling using PFC3D was carried
out to model the large-scale direct shear test, capturing the shear stress-strain
behaviour of the fresh and fouled ballast, while exploring the distribution of contact
forces, particle movement vectors at the particulate level. The DEM modelling using
PFC2D was also implemented to simulate the Track Process Simulation Apparatus in
two dimensions to understand the deformation and degradation behaviour of fouled
ballast subjected to cyclic loading.
7.2
7.2.1

Major Conclusions
Experimental Observations

A series of large scale direct shear tests were conducted to investigate the stressdisplacement behaviour of fresh and coal-fouled ballast stabilised by geogrid with
aperture size of 40x40 mm. This study particularly emphasizes how geogrid
increases the shear strength of coal fouled ballast, depending on the degree of
fouling. The current test results clearly show that the placement of geogrid can
enhance the shear behaviour of fouled ballast. However, the optimum depth of the
geogrid for this ballast has not been determined within the scope of this study. The
Void Contamination Index (VCI) that captures the lower specific gravity of coal
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fouling is used to define the level of fouling. The post-peak softening response
representing a densely compacted granular material could be observed during
shearing. The peak shear stress increases non-linearly as the normal stress increases,
and then reduces as the VCI increases. Ballast does not compress significantly
initially but rather dilate, and this dilation is more pronounced when tests were
conducted at relatively low normal stresses.
It is clearly illustrated that geogrid increases the shear strength and reduces the
dilation of fresh ballast. This is because the interlocking between the ballast and
geogrid increases the peak shear stress while reducing the freedom of particles to
displace. However, the coal fines in the ballast lower the benefits gained from using
geogrid as a reinforcement, because, they fill the voids between the ballast particles
and coat their surfaces which reduce the inter-particle friction and the shearing
resistance at the interface. Moreover, coal fines covering the surface of ballast
aggregates act as a lubricant which induced the particles to slide and roll over each
other, thus increase the dilation. These coal fines infiltrate between the ballast and
geogrid and become trapped between the apertures in the geogrid. This means that
fewer particles could interlock through the geogrid which in turn leads to a decrease
in shearing resistance at the interface. It may be concluded that coal fouling
facilitates the movement of ballast particles during shearing, which in turn causes
early grain rearrangement and rotation and causes premature compression. An
empirical normalised shear strength model is proposed to predict the overall shear
strength of geogrid reinforced ballast at a given VCI for a particular normal stress (

 n ) . This model can also be used to predict the peak angle of shearing resistance of
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fouled ballast at a given VCI, once the peak angle of shearing resistance of fresh
ballast has been evaluated. The shear strength ( ( P ) Fouled _ Ballast ) and the peak angle of
shearing resistance (

) of fouled ballast at a given normal stress (

and fouling

level (VCI) are determined as shown below:

( P ) Fouled _ Ballast

n



tan  f  tan o 

( P ) Fresh _ Ballast

n



VCI / 100
a  VCI / 100  b

VCI / 100
a VCI / 100  b

(7.1)

(7.2)

and types of
where, a and b are empirical constants depending on normal stress (
geogrid used to reinforce ballast. A range of values for a and b are given as follows:
(0.78<= a <=1.38; and 0.48<= b <=1.15).
A series of laboratory tests of fresh and fouled ballast at different Void Contaminant
Index (VCI) with and without geogrid were conducted to investigate coal fouled
ballast using a novel Track Process Simulation Testing Apparatus (TPSA). This
TPSA was designed to provide a more realistic simulation of Australian rail track

conditions. The use of an air blower to foul the ballast was used because it was a
good method of simulating fouling that occurs in the field where coal fines gradually
penetrate through the voids in the ballast from the surface. Based on the test results,
all the samples showed a significant settlement within 100,000 cycles, followed by
gradual increase in settlement up to 300,000 cycles, and then remained relatively
stable to the end. These results indicate that while the geogrid decreases the
deformation of ballast due to the interlocking phenomenon occurring at the ballast
geogrid interface, coal fines increasingly deforms the ballast because of the lubricant
effect which facilitates sliding and rolling over each other. Geogrid produces the
most benefit with fresh ballast (approximately 52% and 32% reduction for lateral and
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vertical deformation, respectively), although this decreases considerably with an
increase of VCI (e.g., 12% and 5% reduction for lateral and vertical deformation for
VCI=40%, respectively). Based on these findings, a threshold value of Void

Contaminant Index of 40% was proposed to assist practicing engineers in specifying
track maintenance schedule. Compared to fresh ballast, fouled ballast showed a
higher dilation and at a relatively high level of coal fouling, the fouled ballast
showed reduced particle breakage attributed to cushioning effect of coal fines.
Through better locking at the ballast geogrid interface, the inclusion of geogrid
decreased the maximum pressure at the ballast layer which helped decrease the
breakage of ballast. Geogrid was more effective at reducing the breakage of ballast
when the VCI was equal to or less than a threshold value of VCI=40%, beyond that,
its effect was minimal. Based on data measured from the TPSA, a novel equation was
proposed to predict ballast settlement while considering the level of fouling, as given
by:
(7.3)
where, S is the settlement, VCI is the Void Contaminant Index (0
and

1 ,

are empirical coefficients depending on VCI, and N is the number of load

cycles.
7.2.2

Discrete Element Modelling for Railway Ballast

A series of DEM simulations that captured three-dimensional shaped ballast in direct
shear tests, were conducted on fresh and fouled ballast at various levels of fouling, to
study the volumetric change and corresponding stress-strain behaviour of this
granular assembly. These irregularly shaped particles of ballast were simulated by
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overlapping spherical particles using the clump logic of PFC3D. The coal fines were
modelled by introducing a specified number of fine spherical particles into the ballast
voids. The degree of fouling was defined by the Void Contaminant Index (VCI) that
was varied from 20% to 70%. For a given normal stress (

) and VCI, the DEM

model captured the shear stress-strain response and volumetric changes observed in
the laboratory experiments. As expected, the highest peak shear stress occurred in
fresh ballast, but it decreased consistently with an increase in VCI for a given value
of normal stress.
The DEM simulation indicated that coal fines would reduce the shear strength and
increase the dilation of fouled ballast at relatively high levels of VCI (>60%).
Dilation was highest at the lowest values of normal stress (

15

). It was

shown that the volumetric dilation predicted by DEM was somewhat higher than the
dilation actually measured. This can be attributed to the inevitable variations in
particle angularity between the DEM model and actual ballast, as well as any particle
degradation that was not considered in the numerical analysis. The drop in peak
shear stress and increased compression in the laboratory at shear strains of 5-7% also
supports the view that particle degradation can have a significant influence. Even
with small quantities, the coal fines coat the grains of ballast and reduce the surface
roughness (i.e. role of lubricant), while at increased VCI the coal fines inhibit the
ballast from repacking by forming a compacted layer between the aggregates.
Therefore, apart from a decrease in shear strength as a result of reduced inter-particle
friction, coal fines at high VCI values can also increase the dilation of the fouled
ballast, especially at low normal stresses. So by taking advantage of the DEM
simulation technique, the internal distribution of contact forces and displacement of
the particles could be examined. Such micro-mechanical observations enable us to
insightfully appreciate the evolution of volumetric changes and corresponding shear
strength during geotechnical laboratory processes, which is currently not possible
through FEM and other continuum mechanic approaches. The more uniform contact
force distributions attributed to increased overall particle contact area of fouled
ballast justify the reduced breakage as observed in the laboratory. Although the
current DEM analysis did not consider ballast breakage, the numerical predictions of
191

stress-strain behaviour at various levels of fouling and normal levels of stress were in
acceptable agreement with the experimental observations of direct shear test.
The DEM simulation of large-scale direct shear test of ballast reinforced with
geogrid was modelled to study the interlocking effect of geogrid in increasing shear
strength and decreasing dilation of fresh and fouled ballast. The results showed that
DEM model is able to capture behaviour of fresh and fouled ballast reinforced with

geogrid. The shear stress-displacement and dilation curves of fresh and fouled ballast
reinforced with the geogrid obtained from DEM simulation are in good agreement
with those measured experimentally. Taking advantage of DEM simulation, contact
force chain distributions of ballast and geogrid were captured. Furthermore, the
contours of strain developed across the geogrid were also obtained to provide more
insightful information about fresh and fouled ballast behaviour reinforced with the
geogrid where it is often difficult to measure in the experiment.
A discrete element model (DEM) in two dimensions (PFC2D) was also conducted to
study the deformation and degradation of fresh and fouled ballast subjected to cyclic
loading. For a given VCI, the DEM was able to capture the deformation of ballast in
a similar way as those measured experimentally. The simulations indicated that while
the deformation of a fouled ballast assembly increased with an increase of VCI, the
number of broken bonds in the assembly decreased with an increased VCI that was
attributed to the cushioning effect of fine grains lubricating the surfaces of the ballast
and decreasing the contact forces.
7.3

Practical Implications

Based on the results obtained from this study, it is clearly seen that coal fouling has
significant impacts on the performance of railway ballast thereby the risk of coal
fouling needs to be incorporated in track design. The study conducted in this research
has discovered several important features of practical applications. Some of these are
described below for the benefit of railway industry.
1. The normalised shear strength model for coal-fouled ballast shown in
Equation 7.1 and Equation 7.2 can be used to calculate the shear strength ( )
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and peak angle of shearing resistance (

of fouled ballast with and without

the inclusion of geogrid at a given normal stress and fouling degree. The
shear strength and peak friction angle are the most important design
parameters for ballast where they found to be governed by the amount of
fouling (VCI) and given normal stress (

. The Australian rail industry has

been using the peak friction angle of fresh ballast primarily measured from
direct shear tests, thereby it would be beneficial for the railway industry and
practising engineers to apply Equations 7.1 and 7.2 for track design and
predicting the performance of ballast considering various fouling conditions.
2. Australian railway industry can also use the empirical Equation 7.3 to predict
track settlement, (S) considering the degree of fouling, (VCI). For a given
ballast gradation subjected to specified loading characteristics, if the
appropriate increased deformation of ballast is not carefully investigated on
the basis of the anticipated fouling levels, this may result in inaccurate
estimation of track deformation and stability. A threshold value of VCI=40%
was also proposed to assist practicing engineers in specifying track
maintenance schedule. Moreover, the results obtained from this research also
show that the amount of coal fines may somewhat decrease the ballast
degradation attributed to the cushioning effect of coal fines which leads to
reduced inter-particle contacts forces and associated breakage.
3. The DEM model developed in this research can also be used to estimate the
shear strength and peak friction angle of fresh and fouled ballast –for various
normal stresses and fouling levels. This DEM model is particularly beneficial
for railway researchers in investigating the micro-mechanical behaviour of
fresh and fouled ballast subjected to static and cyclic loading conditions.
7.4

Recommendations for Future Research

The lack of research in studying the behaviour of fresh and coal-fouled ballast with
and without the inclusion of geogrid subjected to monotonic and cyclic loading was a
major motivation of this study. In particular reference to railway industry, the need to
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study the behaviour of fouled ballast reinforced by geogrid and recommend design
guidelines for fouled ballast have been more pronounced. The works conducted
within the scope of this research has also revealed several new aspects of fouled
ballast behaviour that are recommended for future research, as given below:
1. Only one type of latite ballast, which is the most commonly used in New
South Wales, Australia was tested. Dry coal fines were used as fouling
material in this study. More tests should be conducted on other types of
ballast with different mineralogy and uni-axial compressive strengths (e.g.
granite, limestone, or dolomite) and other types of fouling materials (e.g.
clay, pulverised rock, or mixture of coal dust and clay) to confirm the
observations obtained for coal-fouled ballast in this research.
2. Fresh and coal-fouled ballast were investigated in dry condition. However, in
the low-lying estuarine plains (e.g. coastal areas) where the subgrade is
generally saturated, the presence of water can lead to the formation of slurry
underneath ballast layer. The cyclic loading induced by train passage can
cause this slurry to be pumped up to the ballast (e.g. clay pumping) to
produce a pumping failure where drainage may be impeded. Therefore, the
risk of clay fouling under wet condition requires being investigated in details
and incorporating into track design.
3. Only one type of geogrid with aperture of 40x40 mm was studied in this
research. Hence, the influence of types and sizes of geogrid aperture were not
considered. Moreover, the optimum depth of the geogrid placing in the ballast
has not been determined within the scope of this study. Therefore, more tests
of fouled ballast reinforced with different types of geogrid should be studied
to find out the optimum aperture size and depth of geogrid for a given ballast
gradation and fouling condition.
4. All the experiments for fouled ballast were carried out for given degrees of
coal fouling (e.g. adding pre-determined amount of coal fines to fresh ballast
sample at the beginning of every test). However, in the field fouling materials
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contaminated in ballast increase gradually with time due to ballast
degradation, infiltration from subgrade, and surface spillage. Therefore, in
further research, it is recommended that the rate of fouling materials should
be considered when conducting experiments for fouled ballast.
5. The cyclic loading characteristics and frequency used in this study were
calculated based on an existing empirical relationship which may not always
give the same accuracy as in the field where the loading characteristics
substantially varies with time and location. Therefore, it is recommended to
develop an analytical model for determining the cyclic load induced by the
movement of trains at different speeds and loading conditions, particularly
emphasising on the investigation of fouled ballast reinforced by geogrid at
greater loading frequency to simulate for high speed train.
6. The shapes of ballast particles used in this study were created by clumping of
ten to twenty spherical balls together to mimic the irregular shape of ballast
aggregates. However, this method still has a limitation that the angularity and
shape of particle are somewhat different from the real ballast aggregates.
With the advancement of 3D scanner equipment, it is recommended to use a
3D scanner to analyse a real ballast particle to collect data on its shape where
the collected 3D data can then be used to construct digital three dimensional
ballast particles.
7. In this study, the number of loading cycles used for the DEM modelling was
limited to 1000 cycles with the highest Void Contaminant Index (VCI) was
70%. With the increasing computational power of computers (i.e. parallel
processing, mainframe computers), it is recommended to simulate cyclic
loading tests for fully fouled ballast (e.g. VCI=100%) reinforced with geogrid
for a higher number of load cycles (e.g. 40,000 cycles or beyond that) to
examine the shakedown behaviour of fouled ballast.
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APPENDIX A: NUMERICAL SERVO-CONTROL MECHANISM

A servo-control mechanism was developed by Itasca (2008) to attain stresscontrolled loading. A wall velocity is adjusted to minimise the difference between
and required stress (

the measured stress (
wall

. The velocity of a

is set to satisfy:
∆

where

(A.1)

is the “gain” parameter that is estimated using the following reasoning:

The maximum increment in wall force (∆

arising from wall movement in one

timestep is determined by:
∆

where

∆

(A.2)

is the number of contacts on the wall,

contacts. Hence the change in wall stress (∆

is calculated by:

∆

∆

where

is the average stiffness of these

(A.3)

is the area of the wall

For stability, the absolute value of the change in wall stress must be less than the
absolute value of the difference between the measured and required stresses.
Therefore, a relaxation factor, α (α<1), is used and the stability requirement becomes
∆

|∆ |

(A.4)

Substituting Equation A.1 and Equation A.3 into Equation A.4 yields
|∆ |∆

|∆ |

(A.5)

and the “gain” factor is determined by
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(A.6)

∆

Therefore, by updating the velocity of a wall in each timestep using Equation A.1,
the required stress can be achieved.
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APPENDIX B: RADII AND COORDINATES OF SPHERES CONSTITUTING
CLUMPS, CL1 TO CL9
Clump
No.
CL1

CL2

CL3

Sphere
No.

Sphere coordinates (m)
Sphere radius (m)

1
2
3
4
5
6
7
8
9
10

0.0103602
0.0086347
0.0087096
0.0066426
0.0059068
0.0062582
0.0102880
0.0086473
0.0082721
0.0081911

1
2
3
4
5
6
7
8
9
10

0.0104634
0.0077513
0.0067683
0.0097636
0.0065669
0.0071700
0.0097926
0.0075752
0.0054148
0.0074019

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

0.0046247
0.0055065
0.0075645
0.0095309
0.0070587
0.0054104
0.0068832
0.0039664
0.0083085
0.0098230
0.0083006
0.0083099
0.0073888
0.0039911
0.0029292
0.0034797
0.0057183
0.0049265

X
-

0.0093919

-

0.0138011
0.0141077
0.0039717
0.0170588
0.0220009
0.0024786
0.0120710
0.0120898
0.0008567

-

-

-

-

-

Y

-

-

0.0090319
0.0020218
0.0061511
0.0003305
0.0069281
0.0128732
0.0101305
0.0105693
0.0154572
0.0012833

-

0.0175762
0.0055431
0.0009574
0.0028212
0.0039813
0.0164480
0.0146235
0.0080985
0.0116023
0.0064120
0.0093583
0.0109283
0.0082707
0.0068340
0.0250012
0.0211683
0.0133161
0.0202120

-
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-

-

-

-

Z

0.0021490
0.0040540
0.0008398
0.0060843
0.0002847
0.0020074
0.0020144
0.0017406
0.0051856
0.0044795

-

0.0024446
0.0074716
0.0079779
0.0003473
0.0085593
0.0050506
0.0011671
0.0060416
0.0073707
0.0079485

-

0.0026955
0.0065592
0.0035884
0.0020292
0.0011451
0.0072433
0.0002510
0.0093700
0.0028736
0.0021888
0.0021465
0.0000591
0.0027729
0.0084995
0.0045002
0.0072114
0.0062500
0.0024921

-

-

-

-

-

-

-

-

0.0000430
0.0005941
0.0017385
0.0037361
0.0052729
0.0020119
0.0002913
0.0000553
0.0005573
0.0003961
0.0000021
0.0003889
0.0002988
0.0000113
0.0001424
0.0002063
0.0007278
0.0009575
0.0011998
0.0006795
0.0053796
0.0001545
0.0011622
0.0005273
0.0042639
0.0006102
0.0016533
0.0019218
0.0009001
0.0012372
0.0021292
0.0019348
0.0019915
0.0020258
0.0006663
0.0014689
0.0022437
0.0009803

CL4

CL5

CL6

CL7

19
20

0.0049714
0.0046429

1
2
3
4
5
6
7
8
9
10

0.0092619
0.0107713
0.0090228
0.0104329
0.0094080
0.0082050
0.0096340
0.0064254
0.0071030
0.0121567

1
2
3
4
5
6
7
8
9
10

0.0087740
0.0057299
0.0046889
0.0088736
0.0094298
0.0065267
0.0093836
0.0072136
0.0075031
0.0045735

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

0.0057028
0.0082945
0.0080123
0.0066145
0.0074505
0.0073477
0.0058128
0.0052443
0.0061818
0.0052148
0.0049526
0.0036130
0.0033908
0.0055553
0.0043812
0.0044610
0.0029122
0.0035844
0.0029908
0.0043079

1

0.0065855

-

-

-

-

-

-

-

-

0.0050821
0.0011088
0.0100915
0.0127340
0.0037733
0.0052288
0.0030523
0.0114387
0.0079617
0.0227890
0.0146455
0.0006381
0.0073782
0.0044820
0.0002722
0.0039205
0.0011589
0.0077489
0.0021037
0.0069459
0.0053573
0.0052034

-

-

-

-

-

0.0017032
0.0008633
0.0037775
0.0023616
0.0051512
0.0076316
0.0005589
0.0112705
0.0038038
0.0065824
0.0019940
0.0112630
0.0072260
0.0091717
0.0036952
0.0077076
0.0009512
0.0118614
0.0108230
0.0125357

-

0.0095054

-

218

-

-

-

0.0099483
0.0100658

0.0040365
0.0031587

0.0109348
0.0014448
0.0061067
0.0041440
0.0105597
0.0010074
0.0096398
0.0009265
0.0129548
0.0017760

0.0002309
0.0006764
0.0005203
0.0003049
0.0009042
0.0016420
0.0011418
0.0007097
0.0000317
0.0000052

-

0.0003669
0.0080117
0.0086933
0.0018713
0.0029671
0.0034831
0.0002792
0.0016003
0.0032009
0.0081782

-

0.0069018
0.0047514
0.0032181
0.0018255
0.0036581
0.0003003
0.0070840
0.0024655
0.0042951
0.0052034
0.0076840
0.0065675
0.0117480
0.0005463
0.0102105
0.0071112
0.0125963
0.0034292
0.0094667
0.0012735

-

-

0.0028505
0.0002463
0.0002523
0.0000119
0.0003009
0.0004361
0.0038245
0.0018889
0.0008633
0.0004822
0.0003404
0.0010364
0.0005186
0.0001389
0.0006680
0.0004318
0.0001254
0.0025006
0.0013906
0.0000080

0.0007207

-

0.0058673

-

-

-

-

-

-

0.0000783
0.0002632
0.0017291
0.0007590
0.0007061
0.0020015
0.0006960
0.0021033
0.0004850
0.0020793

2
3
4
5
6
7
8
9
10

0.0091276
0.0113286
0.0090307
0.0069251
0.0084814
0.0076179
0.0066441
0.0055512
0.0060064

CL8

1
2
3
4
5
6
7
8
9
10

0.003719
0.007378
0.008562
0.009716
0.009412
0.009829
0.005226
0.004149
0.007346
0.005707

0.006735
0.008304
0.008768
0.001167
-0.007296
-0.001052
0.006100
0.001972
-0.013255
0.013724

-0.006593
0.003115
0.002313
0.001558
0.000581
-0.003086
-0.004329
-0.011438
0.002228
-0.000358

-0.005252
0.002175
-0.002126
0.000157
0.000521
0.000201
0.004896
-0.004427
-0.000712
0.003054

CL9

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

0.00967461
0.00824476
0.00751831
0.00453117
0.00926519
0.00730775
0.00802344
0.00821928
0.00704498
0.00787014
0.00560322
0.00795145
0.00634252
0.00290203
0.00559097
0.00477252
0.00321592
0.00505696
0.00726273
0.00673686

0.000180824
-0.00803195
0.00997976
-0.0150337
-0.00514484
0.00615334
-0.003343
1.19E-05
-0.00586764
0.000911818
0.00871884
0.00578598
-0.00115598
0.018403
0.0125111
-0.0174709
0.0171426
0.0158254
-0.0117902
0.0129429

0.00287033
-0.00144599
-4.58E-05
0.000727995
-0.00103962
0.00376391
-0.00161053
0.00641472
0.00299595
-0.00288523
-0.00580179
-0.000300057
0.00474893
-0.00397973
0.00194548
-0.00548317
0.000155894
-0.00750601
-0.00312522
-0.00287286

-0.000903402
0.000888322
-6.66E-05
0.00512946
-0.00151077
0.000440877
0.00105177
0.000340674
0.00310865
-0.00078169
0.000163954
-0.000784285
-0.0059567
0.00433823
0.00301318
0.00134727
0.00556158
0.000560929
-5.12E-05
0.000302409

-

0.0088897
0.0021948
0.0017946
0.0199356
0.0097020
0.0112744
0.0116196
0.0177654
0.0155597
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-

-

0.0020767
0.0010524
0.0057642
0.0011404
0.0055702
0.0034871
0.0091874
0.0068031
0.0022884

-

-

0.0010617
0.0016109
0.0014056
0.0023916
0.0001543
0.0004298
0.0015338
0.0040532
0.0026533

APPENDIX C: MATLAB CODE TO SIMULATE IRREGULAR SHAPED
BALLAST PARTICLES

function [sh] = asgPlotSphere( centre, radius, numDiv, colour)
[p, k] = SubdividedIcosahedron( numDiv );
centreToVertex = sqrt(sum(p(:,:).^2));
p = p * radius/mean(centreToVertex);
theVertices = p + repmat(centre(:), 1, size(p,2));
thePatch = patch('Vertices', theVertices', 'Faces', k', 'EdgeColor', 'none', 'FaceColor',
colour );
if ( nargout > 0 )
sh = thePatch;
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%
function [p, k] = SubdividedIcosahedron( numLevels )
numLevels = min(6, max(0, numLevels));
p = AsgSubdivBidirectionsMex(numLevels);
p = [p, -p];
if nargout > 1
k = convhulln(p')';
end
% asgPlotClump - Plot sphere clump with original mesh
%
% Usage: [ph] = asgPlotClump(pMesh, kMesh, spheres, varargin)
%
% ph = returns a list of generated plot handles
% pMesh = mesh vertices (3 x p) array
% kMesh = mesh connectivity (3 x k) array
% spheres = sphere clump (n x 4) array, i.e. each row is
%
a sphere (x, y, z, r)
%
%
function [ph] = asgPlotClump(pMesh, kMesh, spheres, varargin)
newFigure = true;
origin = [0 0 0];
colours = NiceColours(size(spheres,1));
lights = true;
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subdivisions = 3;
facealpha = 0.9;
cVararginModify(varargin{:})
if newFigure
asgFig3d
end
if ~isempty(pMesh)
handles = patch('vertices', (pMesh+repmat(origin(:), 1, size(pMesh,2)))', 'faces',
kMesh',...
'facecolor', 'none', 'edgeColor', 'k');
else
handles = [];
end
if size(colours,1)==1
colours = repmat(colours, size(spheres,1), 1);
end
for i=1:size(spheres,1)
centre = spheres(i,1:3);
radius = spheres(i,4);
handles(end+1) = asgPlotSphere(centre(:)+origin(:),
colours(i,:));
set(handles(end), 'facealpha', facealpha);
end

radius,

subdivisions,

if lights
handles(end+1) = light('position',[0 0 1]);
handles(end+1) = light('position',[0 0 -1]);
end
axis equal
lighting gouraud
if (nargout>0)
ph = handles;
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%
% Generates preferred palette
function out = NiceColours(num, varargin)
DebugMsg = 0;
cVararginModify(varargin{:});
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%returns a nice colourmap where each colour is dissilmiar to its predecessor
if exist('num')
if length(out)>=num
out=out(1:num,:);
else
if DebugMsg
disp('Out of palette colours: generating random colours...')
end
load 'asg_kfgravel_with_mesh.mat' % ; need to load this file before
% every running by deleting % at the begining, then insert again to reduce
% running time
n=particles30(2).spheres; % change value inside bracket to get different shape of
particle from libray
figure
[l,p]=size(n);
for i=1:l
r=n(i,4);
a=n(i,1);
b=n(i,2);
c=n(i,3);
phi=linspace(0,pi,40);
theta=linspace(0,2*pi,50);
[phi,theta]=meshgrid(phi,theta);
x=r*sin(phi).*cos(theta);
y=r*sin(phi).*sin(theta);
z=r*cos(phi); 0
surf(x+a, y+b, z+c, 'FaceColor','green', 'EdgeColor','r');
%camlight (0.008,0.001);
%lighting none
%lighting phong
%colormap hsv(2)
%colormap([0 1 0])
%alpha(0.5)
shading interp
hold on;
end
dlmwrite('paticle30_2.txt',n)% this comand save data point of matrix n to
paticle.
% remember to change file name whenever to
% change value of n for different particle.
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file

